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ABSTRACT 
With resources to produce food predicted to become scarce and strongly limited, 
the need for producing more and consuming fewer resources will become increasingly 
important in the agricultural environment. Production methods that are ‘soil-less’ which 
are not tradition in-ground methods are viewed as creative solutions that have the 
potential of being sustainable. An aquaponic system is one of these productions methods 
that have the potential to be sustainable. Research demonstrates the water conservation an 
aquaponic system can establish if proper management is maintained, thus upkeep and 
monitoring of water quality parameters are crucial for successful growth of plants.  
The purpose of this study was to evaluate the production characteristics of alfalfa 
and mung bean sprouts grown in different water sources (Aquaponic and municipal tap 
water). Seed length and width, root length and width, stem length and width, leaf length 
and width, number of leaves, branched roots, and whole length were evaluated on alfalfa 
and mung bean sprouts that were grown in either municipal tap water or aquaponics 
water. Day 7, the sprouts from all treatments were harvested and color analyses were 
conducted. Two separate conditions a greenhouse setting and a laboratory setting for the 
production of sprouts was observed for the study. Water quality parameters were also 
observed in the systems including: pH, chemical oxygen demand (COD), oxidation-
reduction potential (ORP), nitrogen levels, phosphorous levels, total solids, total 
suspended solids, absorbance levels, dissolved oxygen, and electrical conductivity.  
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Data demonstrated that alfalfa sprouts grown in the laboratory environment had 
no difference between the harvest whole lengths of alfalfa sprouts. However, the stems 
on the alfalfa sprouts in the controlled laboratory environment were longer than the 
alfalfa sprout stems grown in the greenhouse environment. In the laboratory setting, 
alfalfa seeds irrigated with municipal tap water were approximately 26% longer than the 
seeds irrigated with aquaponic water. The aquaponically grown mung bean sprouts whole 
length was longer in the greenhouse environment compared to the mung bean sprouts 
grown in the laboratory setting. The mung bean sprouts irrigated with aquaponic water in 
the laboratory setting was shorter in length (aquaponic length 100 mm versus tap length 
137 mm) (P-value 0.0002). The opposite of what was observed in the greenhouse 
experiment.  
The aquaponically grown alfalfa sprout had a higher L* value indicating that the 
alfalfa sprouts grown in the aquaponic water had a darker color leaf compared to the 
municipal tap water alfalfa sprout. The aquaponically grown mung bean also had a higher 
L* value which indicates that the leaves have a darker tone.  
Weekly monitoring of the aquaponic system was also evaluated throughout the 
study. There was a difference between the municipal tap water and aquaponic system in 
water chemistry and color analysis. The aquaponic system had higher nitrogen and 
phosphorous levels along with higher total solids and total suspended solids.  
Results from these studies demonstrate that the aquaponic system was sufficient 
to produce both alfalfa and mung bean sprouts and although the aquaponic system 
resulted in improved production characteristics such as taller sprouts with longer root 
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systems than the tap municipal systems, a higher yield was not observed in the aquaponic 
system that has been seen with other aquaponically produced crops.  
v 
DEDICATION 
This is dedicated to my loving parents, Jeffrey Lee and Ruth Sharpe Davis, who 
throughout my entire life have supported me with loving guidance. I would also like to 
dedicate this to my three talented siblings Jeffrey Lee Davis Jr., Milligan Ruth Davis, and 
Rose Marian Davis. If it weren’t for their loving support and sometimes-harsh criticism I 
would not been able to achieve this milestone. Lastly, I would like to dedicate this to my 
grandmothers, Ernestine Sharpe and Frances Davis.  
vi 
ACKNOWLEDGEMENTS 
I would like to thank Clemson University, College of Agriculture, Forestry, and 
Life Sciences, and the Department of Food, Nutrition, and Packaging Science for the 
support of this project. I would like to thank Kim Collins and Glenda Brown for all the 
times they have helped me. I would like to thank all of my fellow graduate students in the 
Life Science building for kind and supporting words in the wake of my defense. Thanks 
to Dr. Inyee Han for your kind words and influence throughout my years as an 
undergraduate and graduate career here at Clemson University. I could not have survived 
without you Dr. Han and I will truly miss you. Thank you, Dr. Lance Beecher for your 
guidance and greenhouse system, I have learned so much from you and appreciate all the 
time you have given me. I sincerely appreciate the help and support of my research 
partner, Dr. Kimberly Baker. Thank you for your kind words and encouragements 
throughout the experiment and writing phase. I am so glad we both finally made it! I 
would like to thank Dr. Paul Dawson for the guidance throughout the process. I am very 
grateful for Dr. Michelle Parisi’s advice and encouragement throughout this research, her 
smiles throughout my defense got me through it. Many thanks go to my advisor and 
leading supporting figure, Dr. Julie Northcutt. Thank you for giving me the many 
opportunities throughout this graduate experience and teaching me to become a better 
researcher and professional. I would like to thank Trey Riedmayer for supporting and 
helping me pursue what I am passionate about. A great thanks goes out to my family for 
the loving support and guidance throughout this experience. I would like to acknowledge 
Jeff Davis Jr., owner of Mister’s Green Thumb, for his assistance in growing the plants, 
vii 
and Jeffrey Davis Sr. for providing the soil for the preliminary study. Last and definitely 
not least, I would like to thank my best friend, Rosey Davis. You have been an 
outstanding editor throughout this process and gave me every reason to keep pushing 
forward.   
viii 
TABLE OF CONTENTS 
 Page 
TITLE PAGE .................................................................................................................... i 
ABSTRACT ..................................................................................................................... ii 
DEDICATION ................................................................................................................ .v 
ACKNOWLEDGEMENTS ............................................................................................vi 
LIST OF TABLES .......................................................................................................... xi 
LIST OF FIGURES .......................................................................................................xii 
CHAPTERS 
I. INTRODUCTION ................................................................................... 1 
II. LITERATURE REVIEW ........................................................................ 3
Fresh Produce Consumption .................................................................... 3 
Trends in Local Foods ............................................................................. 5 
Comparison of Production Systems ......................................................... 7 
    a.) Aquaponic Systems on a Local and Global Scale .......................... 8 
History of Sprouts .................................................................................. 24 
a.) Alfalfa Sprouts ............................................................................. 25 
b.) Mung Bean Sprouts ...................................................................... 27 
c.) Production/Consumption .............................................................. 28 
d.) Factors affecting Yield on Mung Bean and Alfalfa ..................... 31 
e.) Factors affecting Quality .............................................................. 35 
ix 
Table of Contents (Continued) 
III. EVALUATION OF MUNG BEAN (VIGNA RADIATA) AND
ALFALFA (MEDICAGO SATIVA) SPROUT GROWTH USING
MUNICIPAL WATER OR AQUAPONIC PRODUCTION SYSTEM 52
a.) Abstract ............................................................................................ 52 
b.) Introduction ...................................................................................... 55 
c.) Materials and Methods ..................................................................... 63 
d.) Results and Discussion .................................................................... 67 
e.) Conclusions ...................................................................................... 76 
f.) References ........................................................................................ 79 
IV. EFFECT OF IRRIGATION WATER ON GROWTH AND COLOR
DEVELOPMENT OF MUNG BEAN (VIGNA RADIATA) AND
ALFALFA (MEDICAGO SATIVA) SPROUTS IN A CONTROLLED
ENVIRONMENT .................................................................................. 90 
a.) Abstract ............................................................................................ 90 
b.) Introduction ...................................................................................... 92 
c.) Materials and Methods ..................................................................... 98 
d.) Results and Discussion .................................................................. 101 
e.) Conclusions .................................................................................... 108 
f.) References ...................................................................................... 109 
V. EVALUATION OF MUNICIPAL TAP AND AQUAPONIC WATER
TREATMENTS .................................................................................. .116 
x 
Table of Contents (Continued) 
a.) Abstract .......................................................................................... 116 
b.) Introduction .................................................................................... 117 
c.) Materials and Methods ................................................................... 122 
d.) Results and Discussion .................................................................. 126 
e.) Conclusions .................................................................................... 131 
f.) References ...................................................................................... 133 
VI. CONCLUSION .................................................................................... 138 
xi 
List of Tables 
Table       Page 
1. World Population from 1800 to 2100  (Bernstein, 2011; U.S Census, 2015) ....  8 
2. Retail Sprouting Industry Best Practices (FDA, 2004) .....................................  33 
3. Effect of Commercial Production Time (days) and Production System on Alfalfa
Sprout Seed, Root, Stem, and Leaf Growth ....................................................... 86 
4. Effect of Commercial Production Time (days) and Production System on Mung
Bean Sprout Seed, Root, Stem, and Leaf Growth.............................................. 87 
5. Effect of Commercial Production System on Colorimetric Data of Mung Bean
and Alfalfa Sprouts ............................................................................................ 88 
6. Effect of Commercial Production System on Colorimetric data of Alfalfa Sprouts
............................................................................................................................ 89 
7. Effect of Traditional (Laboratory) Production Time (days) and Production System
on Alfalfa Sprout Seed, Root, Stem, and Leaf Growth ................................... 113 
8. Effect of Traditional (Laboratory) Production Time (days) and Production System
on Mung Bean Sprout Seed, Root, Stem, and Leaf Growth ............................ 114 
9. Effect of Traditional Production System on Colorimetric data of Mung Bean
Sprouts ............................................................................................................. 115 
10. Evaluation of Water Sources In Commercial (Greenhouse) Production System ..
.......................................................................................................................... 136 
11. Evaluation of Water Sources In Traditional (Laboratory) Production System 136
12. Colorimetric Data of Aquaponic and Municipal Tap Water ........................... 137 
xii 
List of Figures 
Figure Page 
1. World Population from 1800 to 2100 (Bernstein, 2011; US Census, 2015) ......  8 
2. The Phosphorous Cycle in the Soil (Mullens, 2009 and Pierzynski et al., 1994) .
............................................................................................................................ 16 
3. Non-Compound Oxygen Among Bounded Oxygen (Fondriest, 2015) ............  19 
4. Concentrations of Dissolved Oxygen and Water Temperatures (USGS, 2016) .... 
............................................................................................................................ 21 
5. Structure of the Germinating Alfalfa Seed to Mature Alfalfa Sprout in a Soil
Environment (Biology Discussion, 2013).........................................................  26 
6. Germination of the Mung Bean Seed to the Mature Mung Bean Sprout (Preston,
2014) .................................................................................................................. 28 
7. Diagram Follows the Steps Involved in Seed Production (FDA, 1999) ...........  31 
8. Diagram Follows the Steps Involved in Sufficient Sprout Processing (FDA, 1999)
...........................................................................................................................  32 
9. Chemical Structure and Corresponding Light Absorption Pattern of Chlorophyll a
(a) and b (b) (Kouissa, 2012) ............................................................................  39 
10. Flow Diagram of Growing Method in Greenhouse ........................................... 85 
11. Flow Diagram of Growing Method in Laboratory .......................................... 112 
1 
CHAPTER ONE 
INTRODUCTION 
By the year 2050, it has been estimated that the world’s population will surpass 
9.6 billion people. Feeding the near 10 billion individuals will place stress on the food 
supply, farmers, food processing industry and related partners (Goddek, 2015). As food 
resources become limited, creative solutions of producing more food from with limited 
land will become increasingly more important, and this includes production methods that 
are ‘soil-less’ (not tradition in-ground). Although there is limited research and technology 
on alternative crop production methods, urban agriculture innovation can lead to a more 
beneficial environmentally-friendly, business-minded, and technological society in which 
food production takes place (Eatmon, 2014). Urban agriculture innovations and similar 
solutions are necessary to elevate some of the growing pressures associated with food 
insecurity (Bernstein, 2011).  
Traditional agricultural practices of growing in soil have resulted in numerous and 
fluctuating foodborne illness outbreaks despite the efforts of the Food Drug 
Administration (FDA), the United States Department of Agriculture (USDA), the 
Environmental Protection Agency (EPA) and other federal and state agencies that 
regulate U.S. food production. Many of the reported outbreaks have been attributed to 
consumption of fresh produce (Abadias, 2008). This increase in food borne illness from 
consumption of fresh produce is related to a number of factors, but among them is the 
increased consumption of fresh produce for its health benefits (Beuchat, 1996). Most 
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crops are grown in natural environments where microorganisms are ubiquitous and can 
be pathogenic (Abadias, 2007, Beuchat, 1995). Proper Good Manufacturing Practices and 
processing techniques are required to eliminate or reduce the numbers of pathogens on 
fresh produce (Beuchat, 1995).  
 One of the growing trends among urban agriculture entrepreneurs is the utilization 
of aquaponic food production systems. This is a sustainable agriculture system, which by 
definition is a system that does not deplete any non-renewable resources that are essential 
to agriculture in order to sustain the agriculture practices (Goddek, 2015, Lehman 1993, 
UNEP 2010). Although aquaponic systems are gaining in popularity, there is very little 
published scientific information on the production, quality and microbiology of food 
grown in the systems.  
 The overall goal of the research presented in this thesis was to investigate the 
effect of irrigation water, termed agriculture water in the Produce Safety Rule in the 
FDA’s Food Modernization Act, on the growth and production of alfalfa and mung bean 
sprouts. Alfalfa and mung bean sprouts are the two most commonly consumed sprouts in 
the U.S.  
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CHAPTER TWO 
LITERATURE REVIEW 
Fresh Produce Consumption 
 As the population rises and the demand for emphasis on health and nutrition by 
consumers expands, vegetable output is expected to grow exponentially over the next 
decade (USDA, 2016). The Food, Conservation, and Energy Act (2008) seeks to enhance 
and bring awareness to fruit and vegetable consumption in the U.S. and to strengthened 
companies that bring a balanced diet with fruits and vegetables to the consumer (USDA, 
2016). The vegetable industry may be classified by two major end uses: fresh market and 
processing within the markets, the U.S. vegetable and pulse sector is comprised of 
hundreds of independent markets within the current system (USDA, 2016). Since the 
early 2000s, the U.S. farmers have produced crops valued at $17.4 billion for the 
vegetable industry, which is 14 percent of the U.S. crop cash receipts and is less than 2 
percent of what is actually harvested on U.S. soil (USDA, 2016). The USDA Economic 
Research Service (ERS) estimates that the average amount spent on vegetables by 
consumers in 2011 was approximately $314.4 annually. As of 2010, the total production 
capacity of vegetables produced was 786,670 (1,000 cwt). According to the U.S. Bureau 
of Labor Statistics (BLS), the average annual expenditures of fruits and vegetables as of 
2013 was approximately $751 per average household on fresh fruits and vegetables at 
home (U.S. Bureau of Labor Statistics, 2011). 
 Many epidemiological studies show that the daily consumption of fruits and 
vegetables are responsible for numerous health benefits including a decrease in 
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development of chronic diseases (Liu, 2003). Studies show that phytochemical, 
biologically active compounds in plants, are capable of inhibiting low density lipoprotein 
(LDL) oxidation and regulating blood pressure, which are factors in cardiovascular 
disease (Guo et al., 2012; Liu, 2003). Phytochemicals are composed of the following 
groups: phenolic acids and flavonoids (Liu, 2003). With expressed antioxidant activity, 
antiproliferative activity and regulation of the tumor suppressor gene, flavonoids and 
phenolics demonstrate potent anticancer potential (Guo et al., 2012). Vitamin C is an 
essential nutrient for collagen synthesis and can also prevent scurvy, a vitamin C 
deficiency. Phenolics are essential for growth and reproduction in plants and are present 
in the free and bound (cell wall associated) in plants. Mung bean seeds contain up to 80% 
of free phenolics and around 5% bound. Flavonoids contain antioxidant properties and 
are strongly linked to reducing the risk of many chronic diseases (Guo et al., 2012).  
 Guo et al. (2012) germinated mung bean sprouts to determine the effects of 
phytochemical profiles and antioxidant activity. Seeds were soaked in water for a 1-hour 
period and kept in a dark room for 9 days. These researchers examined both free and 
bound phytochemicals, Vitamin C, flavonoids, and total phenolics from mung beans 
(Guo et al., 2012). This study by Guo et al. (2012) was the first to determine the 
flavonoid content in mung bean sprouts and the method used had limitations. Vitamin C 
content increased significantly in the mung beans after 2 days of germination (p < 0.05). 
The authors suggest that this increase was time-dependent and reached the highest 
concentration on day 8. Similar results were observed with the total phenolic 
concentration and flavonoid content where there was a significant increase by day 9 of 
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growth; however, no significant increase was seen in the bound phenolic concentration 
(Guo et al., 2012). The results of this study are important because a significant increase in 
vitamins during the germination phase of the plants can make them more desirable for 
consumption. In this fast paced and convenient society, a sprout could be a quick and 
inexpensive way to get invaluable nutrition in the diet.  
Trends in Local Foods  
In 2008 President Obama pledged to promote local and regional food systems and 
later stated,  “Local food systems work for America: when we create opportunities for 
farmers and ranchers, our entire nation reaps the benefit” (USDA, 2016). The support 
from President Obama in alliance with the 2008 Farm Bill that was launched by Tom 
Vilsack, U.S. Secretary of Agriculture, created the “Know Your Food Your Farmer” 
project (USDA, 2016). The project’s intentions were to connect consumer to the farmers 
and other local and regional food systems. The USDA Economic Research Service has 
generated approximately 13 farm operator jobs per 1 million in agriculture sales. As of 
2011, 98% of the U.S. states and territories requested funding for local food systems 
projects through the Specialty Crop Block Grant program (USDA, 2016). Approximately 
56% of the larger farms participating in the “Know Your Food Your Farmer” project 
generated $500,000 or more for the local food movement. The largest participation in the 
project was from small farms (79% participation) and generated as much as $49,999 in 
revenue (USDA, 2016). Together these local food sales were estimated to be 
approximately $5 billion in 2008 (USDA, 2016).  
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Because of the Farm Bill and other perceived health-related concerns, the demand 
for more locally produced foods has dramatically increased in recent years. A study 
conducted by King et al. (2010), compared the structure, size, and performance of the 
local food supply chains with the current nationwide system. This study found that local 
supply chains handled a small portion of the total product demand thus making it fill a 
unique market niche. The performance of both systems were compared and it was found 
that revenue per unit for the producers selling locally ranged from 50 percent greater for 
apples to 649 percent greater for salad mix. Reports also indicated that the wage and 
proprietor income in the local supply chain was retained in the local economy (King et 
al., 2010; USDA, 2016).  
Another case study conducted in Iowa by the USDA showed that sales of local 
food by farmers in the Northeast region in Iowa increased from less than $10,000 in 2006 
to over $2 million by the year of 2010 (IDALS, 2010). The Iowa Department of 
Agriculture and Land Stewardship (IDALS) reported 228 statewide farmers’ markets in 
2010, which is a large increase from a little over 40 earlier in 2008. It is estimated that 
roughly 99,000 of the Iowa consumers to the 1,500 producers participate in these farmer 
markets statewide annually. The IDALS (2010) research estimates that there is $59.4 
million in direct and indirect sales. The demand for local food in this state is currently 
outpacing production.  
The local food movement promotes access to fresh and healthy food nationwide. 
In 2010, the USDA helped 900,000 senior citizens along with 2.15 million recipients 
from the Special Supplemental Nutrition Program for Women, Infants, and Children 
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(WIC) accessing directly fresh fruits and vegetables through local farmers and farmers’ 
market (USDA, 2016). With the help of USDA officials, the movement of local foods is 
spreading and giving opportunity to low-income families to access locally grown fresh 
foods. Oftentimes, the production methods used within the local food  
movement include alternatives to traditional food production (“organic”, etc.) 
(USDA, 2016).   
Production Systems  
Alternative methods of food production have become critical as population experts report 
that there are approximately 75 million individuals added to the population every year 
(Bernstein, 2011; U.S. Census Bureau, 2015). Figure 1 shows the world’s population 
growth and estimates as reported by the Census Bureau (2015). The combination of 
dramatic population increase with drastic climate change has formed concern surrounding 
food security, soil degradation, and drought conditions in local and international areas 
(Goddek, 2015). One opportunity to close the gap between these issues is soil-less food 
production in a sustainable environment utilizing systems such as aquaponics. Aquaponic 
food production is a system that combines the elements of aquaculture and hydroponics 
in an enclosed loop allowing the water from the fish tanks to be used for plant growth 
(Goddek, 2015). While aquaponics has the potential to be an important driver in the 
integrated food system, there is a lack of research to support that these systems can 
perform commercially (Goddek 2015). 
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Figure 1 and Table 1.  World Population from 1800 to 2100 (Bernstein, 2011; US Census ,2015) 
 Lehman et al. (1993) reported that aquaponic systems are considered to be 
sustainable agricultural production, as they do not deplete any non-renewable resources 
that are essential to agriculture. Rakocy et al. (2006) indicated that as the nutrients from 
fish excretion dissolve in an aquaponic system, it is recirculated to plants at a higher rate 
than traditional fertilizers and helps the plants grow more rapidly. The mineral transfer 
from aquaculture to hydroponic allows for an efficient nutrient recycling, alongside 
reduction of water due to recirculation (Graber, 2007). The exact opposite situation 
would be created if a hydroponic system were used alone, as macro- and micronutrients 
would have to be added from a commercial origin and this results in a high energy and 
finite resource use (Resh, 2012).  Another issue with a non-recirculating system is that it 
leads to high water consumption of approximately 90% of total water used and could 
potentially cause surface and groundwater pollution. In comparison aquaponic systems 
Global Population How long it took to get 
there 
1 billion in 1804  
2 billion in 1927 (123 years later) 
3 billion in 1960 (33 years later) 
4 billion in 1974 (14 years later) 
5 billion in 1987 (12 years later) 
6 billion in 1999 (12 years later) 
7 billion in 2011 (12 years later) 
8 billion in 2025 (14 years later) 
9 billion in 2049 (24 years later) 
9 
 
can use less than 10% of water which can reduce fresh water depletion that is normally 
associated with irrigation and thus encouraging sustainable farming and new food 
production practices (FAO, 2005, Gagnon, 2010, Goddek, 2015 and Rakocy, 2006).  
While aquaponics and hydroponics systems vary only slightly with source of the 
nutrients to the plants, aquaponics has a slightly more complex route of nutrient 
transportation (Resh, 2012).  The nutrient-rich outflows from the fish tanks are used to 
fertilize plants grown in the rafting system or hydroponic production beds. This is both 
beneficial to the fish and plants because the Rhizobacteria found on the root system of 
the plants removes the nutrients from the water that would otherwise be detrimental to the 
fish, as it would build to toxic level amounts in the fish tanks (Diver, 2010; Saraf, 2014). 
The hydroponic bedding system functions as a natural bio-filter and removes significant 
amounts of ammonia, nitrates, nitrites, and phosphorous which leaves cleaner water that 
is recirculated back into the fish tanks (Diver, 2010).  Aquaponics systems serve as a 
potential model for studying sustainable food production as it can be used to produce a 
variety of different crops (Goddek, 2015).  
A hydroponic system is solely a method without soil using only water and 
chemical nutrients provided (Jones, 1997; Resh, 2012). The system of aquaponics comes 
from the method of hydroponics where it does not require soil for crop production 
(Bernstein, 2011; Roberto, 2014). Both techniques consist of the plant’s roots being 
soaked in an oxygenated and nutrient-rich water supply (Jones, 1997; Goddek, 2015). 
Bernstein (2011) states that much of greenhouse tomato, basil, and lettuce production in 
North America is primarily done with a hydroponic growing technique. Though the 
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aquaponic technique derives from the hydroponic world that is where the similarity of the 
two systems ends (Resh, 2012). 
An aquaponic system replaces the more expensive chemical nutrients in a 
hydroponic environment with fish feed (Goddek, 2015). A gallon of hydroponic nutrients 
solution roughly costs $30-60 for a few crops; on average, a 50 lb bag of feed for tilapia 
supports approximately 38 lbs of mature fish while simultaneously supporting the growth 
of plants (estimates roughly 8 tomato plants) (Bernstein, 2011). Unlike the hydroponic 
system, the nutrient solution created in the aquaponic system is constantly recirculated, 
creating a balanced ecosystem. A study from Savidov (2005) even showed that after six 
months of production, an aquaponic filter that is fully established created a more efficient 
system versus the hydroponic method (Wilson, 2005; Bernstein, 2011).  
Among other factors, food safety is one of the most critical components that needs 
to be explored in relation to sustainable food production systems, as it is a major concern 
amongst private citizens and the federal government. In regards to fresh produce, many 
studies focus on the food safety-indicator microorganisms such as generic Escherichia 
coli (Fox, 2012). E. coli may be found in aquaponic system water as it is often thrives in 
the intestines of warm-blooded animals that may inadvertently be present (not fish). 
Moreover, E.coli has recently been used for the development of the “human health-based 
regulatory standards” as the common indicator for fecal contamination and microbial 
water quality (Cahill, 1990, and Sugita, 1996). Fish are cold-blooded animals; E.coli 
would have to come from other environmental sources such as birds, rodents, pests and 
humans. Such bacteria are transient in the fish gut microflora (Asfie, 2000; Fox, 2012). 
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Previous studies suggest that some intestinal bacteria from both fresh and marine fish had 
antibacterial activities against pathogenic bacteria (Ariole, 2015).  
Silva, et al. (2015) conducted a study comparing two different types of crops: pak 
choy (Brassica chinensis) and coriander (Coriandrum sativum), in two separate 
aquaponic systems using a dynamic root floating method (DRF). A DRF method is a 
system where the roots occupy the airspace above the solution allowing aeration (Kao, 
1991). Temperature, dissolved oxygen (DO), pH, and conductivity were measured daily 
by Silvia et al. (2015), along with total ammonia nitrogen (TAN), nitrite-nitrogen (NO2
-, -
N), nitrate-nitrogen (NO3-N), and phosphate (PO4
3-). These researchers reported that the 
coriander crop had a survival rate of 49.7%, while the pak choy cabbage had a survival 
rate of 97.5% (Silva et al., 2015). It was noted that the coriander crop acquired a fungal 
disease during the growing process that prevented it from achieving commercial size of 
10-15 cm (Silva et al., 2015). It was also established that the lack of air space between 
the raft board and irrigation caused the pak choy to grow slower than pak choy where the 
roots were exposed to air (Silva et al., 2015). However, pak choy grown in this aquaponic 
system did reach commercial height, but it weighed less than the traditionally grown pak 
choy: 0.056 to 0.178 kg/plant (aquaponic) versus 0.225 to 0.260 kg/plant traditional] 
(Silva et al., 2015; Hu et al., 2014). The low weight of the pak choy observed during this 
study may be due to the method of the DRF technique or the concentration of nutrients 
during the growth period. Since ammonia concentration in aquaponic systems have been 
previously reported to range between 5 to 32 mg/L (Al-Hafedh 2008, Endut 2008; Hu et 
al., 2014), it is unlikely that the nutrient deficiency in the study by Silva et al. (2015) was 
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from nitrogen; however, this cannot be confirmed. Based on previous studies involving 
aquaponic systems, it appears that plants have a greater chance of completely utilizing 
nitrogen along with many other nutrients unlike natural wetlands, which do not have the 
ability for efficient circulation (Graber, 2009). Furthermore, aquaponic systems appear to 
work well with some plants, but others require solid medium for optimal growth. 
There are several critical components of an aquaponic production system, 
including but not limited to: water quality, nutrient composition, and production 
parameters, etc. These items will be discussed further in the remaining literature review.  
Plants rely on water for growth, because it acts as the carrier of many nutrients, 
therefore, it is a common practice to use for irrigation purposes (Lant, 2016). As with 
most organisms, the quality of water used to grow plants is critical due to its ability to 
transport nutrients and remove waste products in a living system (Chopra, 2011). In an 
aquaponic system, the quality of the water affects the efficiency of nutrient intake by the 
plants. It can also impact water usage and waste (Resh, 2012). In order to have optimum 
growth, plants require the macronutrients (e.g., C, H, O, N, P, K, Ca, S and Mg) and 
micronutrients (e.g., Fe, Cl, Mn, B, Zn, Cu and Mo) (Resh, 2012).  Hydroponic solutions 
contain a majority of these nutrients from added sources; however, in the aquaponic 
system, the plant nutrients are provided by fish waste (gill excretion, urine and feces) 
comprised of both soluble and solid organic compounds, nutrients, dissolved solids, and 
waste byproducts (Damon, 1998; Goddek, 2015). Most aquaponic systems contain an 
intermediate filter and cartridge to collect suspended solids excreted by the fish along 
with the facilitation of ammonia conversion to more available nitrogen forms before it is 
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transported to the plants (Goddek, 2015). Other systems contain gravel-cultured 
hydroponic beds where the gravels acts as a “fluidized bed bioreactor” removing the 
dissolved solids and providing the desirable habitat for nitrifying bacteria required for 
nutrient conversions (Diver, 2010).  
The nutrient-enriched waste generated from fish in an aquaponic system is 
dependent upon the quality and quantity of feed fed to the fish (Martins, 2010; Rakocy, 
1993). After being released by fish, nutrients in the form of waste travel through the 
rooting zone where the plants remove the available elements from the water leaving 
water that is less toxic for the fish (Buzby, 2014). Sufficient levels of ammonia, nitrates, 
nitrites, potassium, and phosphorus along with other micronutrients are available from 
fish effluents that essentially promote the hydroponic plant growth (Diver, 2010). While 
these nutrients are present in most aquaponic systems at significant levels, there may be 
some other reason as to why some plants thrive or adapt better to aquaponic than others 
(Diver, 2010).  These reasons include: thriving pH of the water and optimal dissolved 
oxygen to balance out the ecosystem of plants and fish.  
Another important factor for aquaponic systems is nitrogen. Nitrogen is an 
essential element for all living things, as it can be used to create ammonia, nitric acid, 
cyanides, nitrates, amino acids and other biologically important molecules (Luttrell 
2015). Nitrogen, along with many other elements, is prominent in any given aquaponics 
system. The different forms of nitrogen that affect aquatic ecosystems include nitrate, 
ammonium (inorganic dissolved forms) amino acids, urea, dissolved organic nitrogen 
(DON), and particulate nitrogen (Bronk, 2007, and Wedyan, 2007). Additional 
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atmospheric nitrogen is responsible for the acidification of fresh water, which can be 
detrimental to the ecosystem (Rabalais, 2002). In an aquaculture environment, only 25% 
of the nitrogen consumed is harvested through the selected fish biomass. Fish, in the form 
of ammonia, excrete approximately 70% of the nitrogen found in an aquaculture 
environment (Hargreaves, 1998). In a soil environment, excessive amounts of nitrogen 
may develop from build-up of fertilizer, and this can be detrimental to the earth and to the 
crops growing in the soil (Meng, 2012). A soil-less system such as an aquaponic system 
is capable of a high nitrogen utilization efficiency (NUE), which is the uptake and 
utilization of nitrogen by the designated crop (Hu, 2015).  
Hu et al. (2014) investigated the nitrogen transformation and emission in an 
aquaponic system by measuring fish production, plant growth, and plant-water quality 
dependence. Two aquaponic systems, one containing tomato plants and the other pak 
choy were observed. The two systems were operated side-by-side for approximately 5 
months and water samples were collected from both systems every other day for analysis 
of TAN, NO-2 and NO
-
3 (Hu et al., 2014). Hu et al. (2014) found that tomato plants 
required more fish feed, which resulted in a higher fish biomass. The system containing 
tomato plants also resulted as a better water quality system compared to the pak choy. 
Nitrogen transformations varied greatly between the two systems. The nitrifying bacteria 
were slow growing during for the startup period of this experiment and there were not 
enough bacteria to remove all the TAN that was produced by the fish (Hu et al., 2014). It 
was concluded that these two species of plants influenced the nitrogen transformation in 
the study. A higher NUE was obtained in the tomato aquaponic experiment due to a 
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higher root surface area, which resulted in a stabilized water quality system; thus, 
concluding that the species of plant affected the productivity and stabilization of the 
system.   
Besides nitrogen, another critical element in aquaponic systems is phosphorous. 
Phosphorous is one of 16 elements that are essential for plant growth (Mullens, 2009). 
Phosphorous in its oxoanionic salt form, phosphate, is produced by waste from fish and 
excess fish food (Oram, 2014). In soil, phosphorus is beneficial to plants; however, in 
water systems, it can be detrimental to eutrophication (Perlman, 2016).  Eutrophication, 
the over-enrichment of nutrients predominately with phosphorus, can lead to water 
quality problems in freshwater environments by accelerating the growth of algae and 
other aquatic plants. This can kill fish by reducing the oxygen content of the water 
(Dodds, 2003; Elser, 2007). Phosphorous is typically removed naturally in shallow water 
habitats with the assistance of periphyton, which is a mixture of algae and cyanbacteria 
that filter the phosphorus from the sediments (Havens, 2000). However, when enrichment 
from possible human sources are constantly introduced to a system, the growth of algae 
and cyanbacteria increase, thus the biomass. This causes the formation of “canopies” 
which shade and eventually kill most vascular plants that ultimately cause an imbalance 
in the system (Havens, 2000; Howarth, 1988). Nature can disrupt the build up of 
phosphates with dissolved oxygen (DO) by decomposing the matter in the body of water 
(Dodds, 2003; McComas 2000). Phosphorus is also very necessary for life to occur in an 
aquatic system. In freshwater systems, phosphorus exists in a particulate phase such as 
matter from living and dead plankton, precipitates of phosphorus, and amorphous 
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phosphorus. Phosphorus can also exist in a dissolved phase, which includes inorganic 
phosphorus, usually in a soluble orthophosphate form, organic phosphorus that excreted 
by organisms, or macromolecular colloidal phosphorus (Bartenhagen, 2016).  
 
Figure 2. The Phosphorous Cycle in Soil (Mullens, 2009; Pierzynski et al., 1994) 
In an agricultural setting, phosphorous is introduced to soil from the weathering 
of residual minerals and from phosphorus additions through fertilizers, plant residues, 
agricultural waste and bio solid (Mullens, 2009). Chemical and biological processes 
control the release of phosphorus to the plant roots and to surface water, which keeps the 
level of it fairly low. Phosphorous in most agricultural soil ranges from <0.01 to 1 mg/L. 
It is usually unavailable for plant growth because of its low solubility (Pierzynski, 1994).  
Buzby et al. (2013) implemented an effective nutrient removal system during 
aquaponic production to determine the appropriate fish-to-feed ration for growing tilapia 
in an aquaponic system with a variety of crops. Nutrient removal was maximized 
depending on cropping systems: batch system versus a conveyor system. The batch 
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system where all the plants are planted at the same time will have a poorer nutrient 
removal despite biomass (Buzby et al., 2013). The conveyor system described by Adler et 
al. (2003) introduced plants slowly at the beginning of the stream of the system and as the 
plants progressively aged were moved along the channel. Rackocy et al. (2006) suggested 
a ratio of 60 to 100 g feed/m2 of planting area for a growing plant, while other scientists 
recommended 56 g feed/m2 of growing area (Rakocy 2006 and Al-Hafedh 2008). The 
difference in recommendations may be related to initial water quality as the first group of 
researchers were from the U.S. Virgin Islands while the later were from Saudi Arabia. A 
high ration of feed per area may translate into an increased risk of water quality issues 
caused by the nutrient phosphorous; however, it solely depends on the species of plant in 
the system and how many plants are in the system to constantly recirculate nutrients (Hu 
et al., 2014; Buzby et al., 2013).  
Buzby et al. (2013) experiment was conducted by sowing two types of lettuce (L. 
sativa ‘Red Sails’ and Nasturtium T.majus ‘Whirlibird Mix’) seeds into Styrofoam trays 
that were placed in the aquaponic growing bed for 30 days. To determine nutrient 
removal, the following was performed: the flow of water to the growing bed was 
temporarily stopped; the water was spiked with TAN, phosphate, and nitrates (via fish 
feed) to maximize the concentration; and water samples were collected for analyses of 
TAN, nitrate and phosphate removal rates over time (Buzby et al., 2013). For the lettuce 
and nasturtium, the removal of phosphate was not as effective as the other nutrients of 
nitrate and TAN. Both crops reduced the TAN concentration: the lettuce reduced levels 
by 81% and nasturtium by 89% and at a fairly fast rate of 3 hours with no additional 
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removal in the last hour of the experiment. The nasturtium removed phosphate levels by 
63% [concentration of 0.14 mg/L to 0.05 mg/L] and lettuce removing only 37% 
[concentration of 0.14 mg/L to 0.09 mg/L]. The removal rate of phosphate is important in 
understanding the balance of the system between the plant and the fish. The removal of 
this nutrient was the fastest when the plants were young and drastically decreased as the 
plants aged. All meaning that the plant that is naturally regulated by growth rate and 
nutrient needs no longer required the phosphate nutrient (Buzby et al., 2013). Constant 
management and replacement of fully matured plants is necessary to keep the system in 
balance.  
Another important parameter, Dissolved Oxygen (DO), is the amount of oxygen 
dissolved in the water and has a direct impact on water quality because it affects other 
important factors (such as pH, phosphate, and nitrogen) that impact the life of the 
ecosystem. Oxygen from the atmosphere and ground water discharge enter the streamline 
of water (roughly about ten molecule of oxygen per million water) and is dissolved to 
support for the survival of aquatic life (Fondriest, 2013). Therefore, dissolved oxygen is 
the level of free, non-compound oxygen present in the water that is available for 
supporting aquatic life (Perlman, 2016). Non-compound oxygen is commonly referred to 
as free oxygen (O2), which means it is not bonded to any other element (Fondriest, 2013; 
Perlman, 2016). Figure 3 shows the free oxygen among bonded oxygen in water. Free 
oxygen does not count towards a DO level. The DO level defines the amount of oxygen 
present in the water to sustain life and is important to understand the water quality of the 
ecosystem (Fondriest, 2015; Perlman, 2016). The non-compound oxygen enters the body 
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of water from the air or from plants as a by-product of photosynthesis. The oxygen 
diffuses across the water’s surface from the atmosphere from aeration typically caused by 
natural wind or air pump in a man-made environment (Cooke, 2016).  
 
Figure 3. Non-Compound Oxygen Among Bonded Oxygen (Fondriest, 2015) 
DO is crucial for many organisms such as bacteria, aquatic life, and algae that live 
in various bodies of water such as rivers, lakes, and oceans as they use the oxygen for 
respiration (Fondriest, 2013). The needed level of DO varies amongst organisms. For 
example, crabs, shrimp, and worms need a minimal amount of 1 to 6 mg of oxygen/L of 
water dissolved oxygen, while fish need between 4 to 15 mg oxygen/L of water 
(depending on the specie of fish) (Perlman, 2016). For plants such as algae that receive 
small amounts of light for photosynthesis, dissolved oxygen is crucial for respiration 
(Mesner, 2015). Microorganisms also require DO to decompose organic material in the 
water for nutrients. When organic matter decays, the oxygen sustains the life of bacteria, 
but causes struggle for other aquatic life (NOAA, 2008). When the level of dissolved 
oxygen drops below the 5.0 mg/L minimum safe level, the water quality also drops 
leaving life at a detrimental stage and potential death. The process of this decomposition 
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from the excess amounts of nutrients, such as phosphates and nitrates, and the invading 
growth of algae that consume the entire DO, is known as eutrophication. Moving water 
such as rivers or streams contain a higher level of DO than stagnant water. (Fondriest, 
2015; USGS, 2016).  
Water naturally equilibrates towards 100% air saturation, which means that the 
body of water is holding as many dissolved non-compound oxygen as it can hold at 
equilibrium (Fondriest, 2015). Deeper waters do not reach 100% air saturation because 
aeration from wind and photosynthesis from plants cannot penetrate the necessary level. 
However, respiration from aquatic animals and microbial decomposition keep the air 
saturation at mid-level in deeper waters (Fondriest, 2015). The level of DO is inversely 
related to the temperature of the water and the level (bottom versus surface of the water 
body). The solubility of oxygen decreases as the temperature increases (Perlman, 2016). 
The surface water requires less dissolved oxygen to reach 100% air saturation than the 
deeper levels of water. Figure 3 shows the relationships between DO and temperature. 
DO is affected by several factors including aeration, diffusion, photosynthesis, 
respiration, aquatic life, elevation, salinity, temperature, turbulence, vegetation, and 
decomposition. People can also influence the level of DO by clearing land and the 
destruction of riparian areas (Mesner, 2015; Fondriest, 2015).  Salt also influences DO 
where DO decreases as salt levels increase. Salt water typically holds 20% less DO than 
freshwater even when the factors of pressure and temperature are about the same 
(Perlman, 2016). 
21 
 
 
Figure 4. Concentration of Dissolved Oxygen and Water Temperature (USGS, 2016) 
Biochemical Oxygen Demand and Chemical Oxygen Demand  
Two factors that are related to DO are: Biochemical Oxygen Demand and 
Chemical Oxygen Demand. These two measurements are useful for assessing the general 
composition of organic matter in water systems. Biochemical Oxygen Demand measures 
the amount of the oxygen at specified temperatures that must be present in water for 
aerobic microorganisms to decompose the organic matter in the aqueous environment 
(Delzer, 2003). BOD is a common reference for water pollution where high BOD 
indicates greater water pollution than lower BOD. BOD requires two stages to measure it 
using a bioassay: carbonaceous stage (first stage) and nitrogenous stage (second stage). 
The carbonaceous stage is the portion of the oxygen demand that is chemically involved 
in the transformation of organic carbon-to-carbon dioxide. The nitrogenous stage is the 
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second stage and combines the carbonaceous stage along with nitrogenous demand. The 
nitrogenous stage involves ammonia, organic nitrogen, and nitrite that are converted to 
nitrate. The BOD test normally does not detect the Nitrogenous Demand unless there is a 
significant amount of nitrifying bacteria present, which would be detrimental to the 
aqueous environment (Delzer, 2003). Certain factors can interfere with BOD analysis and 
these include: caustic alkalinity and acidity, toxic elements (copper, lead, chromium, and 
mercury), and residual chlorine. (Delzer, 2003; NGRDC, 2015) Similar to BOD, COD is 
often used to measure the amount of biodegradable organics or pollution in water 
systems. However, unlike the time-consuming BOD method (typically, 5 days to 
complete), COD can be performed within 1 day. COD relies on the fact that most organic 
matter can be oxidized in a boiling mixture of chromic and sulfuric acid, and the oxidized 
mixture is either titrated or exposed to open reflux for determination. The two measures 
(BOD and COD) are mathematically related, and frequently COD is used to estimate the 
BOD level of a water system because it saves time (Clesceri, 1998).  
Udeigwe and Wang (2009) evaluated the oxygen demand characteristics of 
generated water samples containing primarily agricultural sources to understand the 
relationships between BOD and other water quality parameters These scientists analyzed 
at different effluent rates (50, 30, 20, 15, 12, 10,8, and 5 ml for 2, 5, 10, 15, 20, 20, 45, 
and 60 day BOD, respectively) and calculated BOD as compared to carbon fractions 
(Udeigwe and Wang, 2009). Phosphate was observed to have positive and linear 
relationship with both short-term and long-term BOD. It was also concluded that the 
relationship between BOD and other water quality parameters decreased during 
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incubation time thus implying there were no significant relations with carbon and 
nitrogen fractions (Udeigwe and Wang, 2009). Based on the results of this study, BOD 
may be used to predict phosphate levels in water, but it would not serve as an appropriate 
indicator for other water quality parameters.  
Water can dissolve many substances such as minerals and chemicals, making it 
one of the best solvents. However, once water begins dissolving a substance, it begins to 
lose the ability to insulate. (USGS, 2016; Stone, 2013). The dissolved material or nutrient 
load in an aqueous environment is known as electrical conductivity and it relates to the 
ability of the material to conduct electrical current. Electrical conductivity is normally 
reported as μSiemens/cm (microsiemens per centimeter). This parameter can also be used 
to estimate the amount of total dissolved solids in water, which is typically half the 
amount of EC in mg/l (Perlman, 2016). The higher dissolved material in water or soil 
sample, the higher the reading of EC will be of that aqueous environment (Bruckner, 
2014). Electrical conductivity is correlated with salt content; therefore it is expected to 
see a reading ranging from 50,000-60,000 μSiemens/cm in salt water. A small amount of 
salt content is preferred for fish to maintain an osmotic balance and it is expected to see 
freshwater fish thrive in a wide range of EC. The desirable range for EC is 100-2,000 
μSiemens/cm, but it is acceptable to see 30-5,000 μSiemens/cm in fresh water (Stone, 
2013).  
As discussed above, the water quality parameters of the aquaponic system directly 
impact the productivity and quality of the crop being grown. It is critical that the system 
is constantly managed by measurements to ensure that there is a balance between system 
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and plants. Several plant systems have been studied in an aquaponic system, but one 
system that has not been evaluated involves sprouts. 
History of Sprouts 
Sprouts have an extended medicinal and nutritional history and have long been 
recognized by ancient Chinese physicians (ISGA, 2016). Even from the early 1700s, 
sprouts were used to prevent scurvy among many sailors because most sprouts are 
abundant in vitamin C. Only in recent years did the sprout become westernized because 
of its easy growth and short productivity period (ISGA, 2016).  
In 1996, sprouts were considered to be a foodborne illness outbreak concern as it 
was reported at least 30 outbreaks of associated illnesses from different types of raw and 
lightly cooked sprouts provided the ideal conditions of Salmonella, Listeria, and E. coli 
growth. (U.S. Department of Health & Human Services, 2016). Thus, this implemented 
the 1999 FDA guidelines for the reduction of contamination of harmful bacteria. 
However, even with these recommendations, outbreaks still occurred to the point where 
Jimmy Johns sub-sandwich chain removed alfalfa sprouts from their menus (FDA, 2016). 
The FDA and other federal and state agencies continue to work with the industry for the 
detection and prevention of contaminated sprouts before it is introduced to the 
marketplace (U.S. Department of Health & Human Services, 2016). The most common 
varieties of sprouts are: soybean, mung bean, onion, mustard, sunflower, radish, lentil, 
broccoli, alfalfa, and clover. However, the most popular consumed and high-risk sprouts 
are the mung bean and alfalfa sprouts (ISGA, 2016).  
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Alfalfa Sprouts 
Medicago sativa L.  or “Queen of the Forages”, is the fourth most widely grown 
crop in the United States and second in sprout consumption amongst U.S. residence 
(CAFA, 2004). This crop may be used or harvested as hay for livestock, used in pellets as 
a forage supplement, or prepared for human consumption (CAFA, 2004). This legume 
varies in species and takes a variety of shapes and sizes. It is sprouted from a very small 
brown seed and depending on the variety, the alfalfa sprout will germinate and grow to 
harvest maturity between 3-7 days after being placed in water and a humid environment 
(Dekevich, 2015). For sprouts, the alfalfa does not reach the flowering stage; however; if 
allowed to grow to its full maturity height (2-3 feet tall), a variety of flower coloring from 
purple to yellow may appear (Cash, 2015). Again, not often seen in the sprout stage, the 
alfalfa plant contains pods that hold the small kidney shaped seeds and trifoliate leaves. 
Sproutlings are plants’ most simplistic form in which two leaves are predominant with a 
slender white stem (USDA, 2002). When ready to consume, these sprouts have the 
characteristic of clustered and tangled thin white stalks and dark green leaves (Bouton, 
1996). Alfalfa sprouts have a mild nutty flavor and a crunchy texture, which makes for an 
exotic addition to many salads and sandwiches. Sprouts are most often eaten raw, which 
causes concern for microbial contamination and raises public health warnings related to 
this crop. Despite these warnings, many consume these sprouts for a good source of 
vitamins A, C, iron, calcium, protein, and dietary fiber (Dekevich, 2015).  
Figure 5 shows the progressive structure of the alfalfa sprout from seed to mature 
sprout.  
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Figure 5. Structure of the Germinating Alfalfa seed to Mature Alfalfa Sprout in a 
soil environment (Biology Discussion, 2013). 
 The seed is normally planted on top of or within soil. Initial germination requires 
the root elongating downward from the seed and the overall sprout will favor hypogeal 
germination (root) or epigeal germination (stem) (Biology Discussion, 2013). Alfalfa 
seed for sprout purposes usually favor epigeal germination where the root begins to 
elongate downwards and the stem upwards while the seed remains to be the “head” of the 
plant (ISGA, 2016). The seed continues to grow upward along with the elongating stem 
and contains the leaves. Leaf exposure occurs once the plant is mature enough, the seed is 
then shed, and the plant relies on photosynthesis for further development. (Biology 
Discussion, 2013).  
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Mung Bean   
Vigna radiata L. is a part of the legume family of plants and is sprouted for fresh 
use or canned purposes for restaurants or simply for household use. This is the most 
widely consumed sprout in the world (Sprouts, 2015). Mung bean has been grown in the 
U.S. since the early 1800s when it was most commonly known as the Chicksaw pea 
(Oplinger, 1990). This plant species can also be referred to as the chop suey bean or 
green and golden gram. Fresh market mung bean sprouts should have white hypocotyls 
(stem) with yellow or green cotyledons (leaves). If allowed to grow past the sprouting 
phase, mung bean tends to be highly branched with trifoliate leaves. The sprouting 
industry typically desires a high germination rate seed that will produce a desired thick 
white crisp hypocotyl with very few roots present.  Darkening of the stem and roots is the 
initial sign of deterioration, which will then develop a slim and musty odor (Oplinger, 
1990; USDA, 2000).  
Figure 6 shows the growing process of the mung bean sprout. A typical growing 
production means that the bean will be placed on top of the desired media (usually a soil-
less media). However, here it shows the seed on top of soil or perhaps even coconut fiber 
where the root has the capability of elongating the opposite direction of the hypocotyl. As 
the hypocotyl continues to progressively grow upwards, the cotyledons (what was once 
the bean) stretch outwards allowing the leaves to begin to expand (Preston, 2014). Once 
the leaves have expanded and the hypocotyl elongates the leaves from the cotyledon, the 
cotyledon begins to shrivel as it no longer is required to photosynthesize nutrients for the 
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growing plant. The cotyledon will wither and fall once all nutrients have been used for a 
successful growth (ISGA, 2016).  
 
Figure 6. Germination of the Mung Bean seed to the mature Mung Bean Sprout (Preston, 
2014). 
Sprout Production in the United States  
According to the latest published information, sprouts have become very popular 
to consumers for the health benefits from their high vitamin and mineral content (ISGA, 
2015). However, this is not a new concept as sprouts have long been cultivated in India 
and Southeast Asia for their rapid growth, and resilience to adverse weather and dietary 
advantages (ISGA, 2015). Because sprouts are so easily grown, most are cultivated 
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directly in people’s homes; many consumers prefer to purchase them at local markets 
and/or from large scale sprouting facilities. Sprouts, which are the premature growth of a 
plant from a germinated seed are known as the “championed superfood” because edible 
sprouts such as alfalfa and mung bean sprouts are packed with essential amino acids, 
small amounts of vitamins and minerals, and antioxidants (ISGA 2015; Dekevich, 2015).  
Alfalfa, Brussel, Mung Bean, Red Clover, Radish, Broccoli, and Wheat Grass 
Sprouts are the most popularly consumed sprouts in the U.S. Approximately 80 million 
pounds of alfalfa seed is produced and distributed in the United States each year 
(Mueller, 2008). Reports indicate that 85% of the total 80 million pounds of alfalfa seed 
are from California, Idaho, Oregon, Washington, and Nevada (Mueller, 2008). Out of all 
of the western states listed above, California has the most ideal conditions for the 
production of alfalfa sprout; however, recent environmental conditions and added 
regulations have decreased the production of alfalfa seeds in California (Mueller 2008; 
Dekevich, 2015). There is no published value for alfalfa hay used for animals; however, 
it is estimated that it is valued at $8.1 billion dollars. Approximately 23.6 million acres of 
alfalfa hay is harvested with an average yield of 3.35 tons per acre. The estimated value 
of alfalfa hay is $102.50 per ton (Stagg, 2000). According to the International Sprout 
Growers (2000), approximately $250 million worth of sprouts were sold in North 
America. In 2000, the approximate yield of alfalfa seed in the U.S. was 115 million 
pounds at an average price of $190 per 100 pounds of seed with an estimated value of 
$218.5 million dollars. No specific information was available on the seed yield for 
humans versus animal consumption (Stagg, 2000).   
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Alfalfa Sprouts have found themselves in the place of many human diets and are 
the most common sprout variety consumed in the U.S.  By providing significant amounts 
of minerals, protein, and vitamins when placed on salads or sandwiches, this species has 
gradually increased production in the United States. Along with being a healthy food 
choice, alfalfa sprouts can be used as a grain, oil, and for ornamental use (Bouton, 1996). 
Mung Bean Sprouts are the most widely consumed sprouts in the world 
(Oplinger, 1990). In the U.S., approximately 15-20 million pounds of mung bean sprouts 
are consumed annually and primarily in raw form (Oplinger, 1990). Unlike alfalfa 
sprouts, mung bean sprouts are imported mainly from Japan and China (Oplinger, 1990). 
Reports indicate that 75% of the mung bean sprouts consumed in the U.S. are imported 
from Japan and China while the remaining portion (25%) one produced total consumed); 
however, 25% are grown domestically primarily in Oklahoma (Oplinger 1990).  It is 
clear that the production of sprouts is very scarce and clarity on the distribution needs to 
be determined.  
1.) Production and Processing 
Sprout seeds may be grown, harvested, and or milled for either local consumption 
or exporting. Exporting sprouts may be difficult due to concerns over bacterial 
contamination (Suslow, 2004). There are many potential sources of contamination when 
it comes to sprout production and these are: bacterial, rodent infestation, dirty equipment, 
unsafe water, unsafe soil, airborne contamination, and employees with infections 
(Sprouts, 2015). 
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 Seed production is treated as a raw agricultural product, which can be at high risk 
for microbiological contaminations from agricultural water sources, improper 
management of animal fertilizer, wild animal contact, and inadequate or non-existent 
worker hygiene (Sprouts, 2015). Once harvested, sproutlings are exposed to dirt and 
other debris, which can lead to additional microbiological contamination (National 
Advisory Committee, 1999). During storage and transportation of seeds to sprouting 
facilities, many become contaminated from the environment; therefore the FDA suggests 
that the seeds be stored in air-tight containers to reduce exposure to potential 
contaminants (Food Safety 2015). FDA has further issued new regulations under the 
Food Safety Modernization Act for Sanitary Transportation of all food, including sprouts, 
during distribution:  
Figure 7 shows the traditional method of sprout production before it is placed 
in storage for sale or distribution.  
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Figure 7: Diagram follows the steps involved in seed production (FDA, 1999). 
Processing Overview 
 Sprout processing begins at the receiving stage where seeds or sprouts arrive 
from an approved source (Grown under Good Agricultural Practices) and are stored 
before undergoing a seed treatment. The seed treatment involves soaking and rinsing the 
seeds to remove microbiological contamination. Germination or sprouting is conducted 
next. Once germination is complete, the “sproutlings” are harvested, sent to retail and 
displayed as indicated in Figure 8 (FDA, 2004; Colorado State 2015).  
 
 
 
 
 
 
 
 
Figure 8: Diagram follows the steps involved in sufficient sprout processing 
(FDA, 1999). 
Concerns over potential food borne outbreaks prompted the FDA to develop 
recommended food safety steps for the sprout industry, which include inspecting the 
incoming seed bags for tears or other contamination such as feces or evidence of insects 
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or pests (Suslow, 2004). Before accepting imported bags, FDA recommends that the 
facilitators wait for a negative result from the desired test. The desired test may include:  
Retail Sprouting Industry Best Practices 
Process Step Source of Contamination Control Measures 
Receiving (Seeds or Sprouts)  Bacterial Contamination  Received from an 
approved source 
(purchase specifications-
grown for human food, 
grown under Good 
Agricultural Practices 
(GAPs) including 
manure management, 
labeled with lot number 
for trace back to source 
 Stored and handled under 
sanitary conditions 
during distribution  
 Inspection for torn bags 
or containers, rodent 
evidence (feces, urine-
fluoresces in UV light)  
 Product conditions (Is it 
wet or molding?)  
Seed Storage at Retail  Cross-contamination 
 Rodent Infestation 
 Stored in clean, sanitized 
bins/containers 
 Seed protected after 
opening 
 Have SSOPs in place 
(cleaning & sanitizing, 
maintenance, pest 
control, etc.) 
Seed Treatment (Soaking & 
Rinsing) 
 Unsafe water 
 Physical contamination 
 Bacterial contamination 
 Use a public water 
supply or test private 
well water on a regular 
basis  
 Screen for stones and 
other debris 
 Protect all seeds from 
contamination especially 
if scarification is done to 
change germination 
 Disinfection treatment 
Germination (Sprouting)  Dirty equipment  
 Unsafe water  
 Unsafe soil (if used for 
sprouts) 
 
 Hot & cold water 
available  
 Use potable irrigation 
water for sprouting seeds  
 Clean & sanitize all  
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  Airborne contamination 
 Bacterial growth  
 Ill employees with 
infections  
 Surfaces that irrigation 
water and sprouts contact 
 Wash hands before and 
after handling sprouts  
 No broken or cracked 
utensils or equipment 
 Building enclosed  
 Testing irrigation water 
for Salmonella and E. 
coli O157:H7 
Post-Germination 
(Harvesting/Packaging or 
Repackaging) 
 Unsafe water  
 Ill employees with 
infections  
 Inadequate label 
information 
 Unsafe packaging 
material 
 Use potable water rinse 
 Adequate and accessible 
restrooms and hand 
washing facilities  
 No bare hand contact 
with sprouts  
 Exclusion or restriction 
of ill employees  
 Sprout package label 
contains sprouter’s name, 
address & zipcode, lot 
code and “Keep 
Refrigerated” 
instructions 
 Food grade packaging 
materials  
Storage & Display  Bacterial Growth 
 Cross-contamination 
 Store/display at 41°/5° C 
or less  
 Protect sprouts from 
contamination 
 
Table 2: Retail Sprouting Industry Best Practices (FDA, 2004).  
Physical Characteristics 
The United States Department of Agriculture (2000), defines sprouts as young 
seedlings harvested immediately after germination, typically at 5-10 days of age. Among 
the most commonly marketed sprouts in the U.S. are the mung bean (Vigna radiate) and 
alfalfa (Medicago sativa L.) (DeEll, 2015). Harvesting age for mung bean sprouts 
normally occurs 3 to 8 days after planting when length exceeds 1.3 to 7.6 cm (0.5 to 3 in), 
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while alfalfa sprouts are harvested after 2-7 days when the length exceeds 2.5 to 3.8 cm 
(1 to 1.5 in) (USDA, 2000). Harvest days can vary depending on consumer standards and 
environmental conditions. While there are no established USDA quality standards for 
these sprouts, some specifications are listed in Table 2 (USDA, 2000).  
With the current recommendations and safety standards for the sprouting industry, 
a new production system for the growth of sprouts might be necessary to control 
parameters such as physical parameters and still maintain a safe practice.  
 Plant Growth, Aquaponics 
The plant selection for growth in aquaponics systems is directly related to the 
stocking density of the fish tanks and the nutrient composition in the fish waste (Buzby, 
2014).  A variety of herbs, micro-greens, lettuces, and specialty greens such as spinach 
and watercress, have very low nutrition needs; and therefore, they are easily adapted to an 
aquaponic system. However, for plants that yield fruit, the nutritional demand is greater 
and the type of plant may require a higher density of fish stock in the aquaponic system 
(Diver, 2010).  
The concept of plant growth can be a very complex process (Felle, 2002). Plant 
cells express four ATP-fueled proton pumps (H+-ATPases) in which each pump is 
targeted to a specific cellular membrane. These cells are highly dependent on external pH 
for regulation and activity of enzymes that later become membrane transporters. The 
change in pH is the main contributing factor that can drive ATP synthesis in the energy-
conserving membranes such as thylakoids and cristae in regards to the H+ coupled 
membrane transport (Felle, 2002). 
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 Auxin, a plant hormone produced in the stem, promotes the elongation of the 
plant (Cleland, 2002). There have been few studies conducted on the process behind 
elongation (Cosgrove, 1993 and Cleland, 1971); however, the basic knowledge of 
growing stem tissues revolves around expansions in the cell walls from response to an 
acidic environment (<5.5) (Cleland, 2002).  A similar environment can be seen around 
the tips of the root where the pH is more acidic and is also where the bulk of cell 
elongation occurs. The growth of leaves is promoted with the presence of light, 
gibberellin, and cytokinins (Cosgrove, 1993).   
 For the growing plant, water is crucial for development; however, water is a 
necessary component of bacterial infections in plants as well (Pandey, 2015). Excess 
amounts of moisture can expose the plant to more fungal and bacterial infections while 
too little water (drought conditions) can lead to the inhibition of plant cell growth 
(Pandey, 2015).  When the plant(s) are growing in an environment of high humidity, 
bacterial diseases are more prevalent and more specifically, virulent bacteria which may 
create leaf spot diseases that are often characterized as water-soaked lesions may be 
prevalent (Pandey 2015). 
 Some studies show that the lack of water often down regulates genes in the plant 
responsible for photosynthesis, glycolysis, adenosine triphosphate (ATP) synthesis, and 
Tricarboxylic acid (TCA) cycle (Prasch, 2013; Pandey, 2015). Drought conditions can 
also increase photorespiration, glycolate oxidase, and glucose-glyoxylate 
aminotransferase as a survival response from the thirsty plant. A reduction of biomass is 
seen from the plant and could possibly be the visual observation of a “drought infection” 
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that forces the plant towards defense responses instead of a normal primary metabolic 
pathway and photosynthesis (Prasch, 2013; Pandey, 2015). These data demonstrate that it 
is critical to balance water (moisture, humidity) for optimal plant growth. 
Chlorophyll 
Chlorophyll is the most well known natural biocomplex, and is the green pigment 
that is found in most leafy greens. Chlorophyll is also responsible for photosynthetic 
activity, a process by which plants generate chemical energy for biological purposes. 
There are several isomers of chlorophyll that are widely distributed in nature and are 
composed of a basic skeleton structure of a porphyrin with a magnesium ion in the center 
and a long phytol group as the tail (Schmid, 2001). To date, 6 chlorophyll isomers have 
been discovered, recently with chlorophyll f, which was isolated almost 60 years ago 
(Tanka 2010).  Land plants utilize two main different forms of chlorophyll, chlorophyll a 
(C55H72O5N4Mg, cyan) and chlorophyll b (C55H70O6N4Mg, chartreuse). Both chlorophyll 
a and chlorophyll b are light absorbers and are composed as a porphyrin macrocyle 
containing a divalent magnesium ion in the center. Both chlorophylls are differing 
slightly in side chains (Kouissa, 2012). Chlorophyll a (chla) contains a methyl group 
(CH3) and chlorophyll b (chlb) contains (CHO) (Figure 4). This slight modification 
between the two allows for increased and effective photo receptiveness (Ergun, 2003). 
The ratio of presence of these two forms depends solely on insolation which means that 
the larger plants contains more chlorophyll b and the photophilic plants which is the 
smaller plants contain more of chlorophyll a. The ratio of presence of chlorophyll b to 
chlorophyll a is typically 3:1. This pigment can also be found in algae and cyanobacteria, 
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which was previously discussed as being the resulting overshadowing culprits of 
eutrophication. Both chlorophylls assisting in the growth of the algae cause for 
dominance over other vascular plants (Ergun, 2003, Horie, 2009,Stockett 2015, Bialokoz 
2013, Fernandez-Leon, 2009, Kouissa, 2012).   
Chla is very crucial for photochemistry in oxygenic photosynthetic organisms 
with the exception of cyanobacteria (Acaryochoris Marnius), which utilizes chla and chld 
for this reaction. However, most land plants combine both chla and chlb relying more 
heavily on chla (Tanka 2010).  The combined chlorophyll a and b are a part of the light 
harvesting photosystem II (LHCII) complex, which is the most predominant protein in 
land plants and green algae and comprises approximately 40% of the total chlorophyll. 
Chlorophyll a is present exclusively in the core of the photosystem as a dimer, and 
performs oxygenic photosynthesis that transforms the light energy into a stable state. In 
the light harvesting antenna complexes of the photosystem, chla and chlb are present 
together and comprise 31-46% (Horie, 2009, Voitsekhovskaja 2015).  
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(a)  
                                         
(b)                               
Figure 9. Chemical structure and corresponding light absorption pattern of Chlorophyll a 
(a) and b (b) (Kouissa, 2012).  
 Studies have shown that chlb in land plants can provide an advantage by allowing 
wider range of light absorption as evident by the different peak absorption near 450 nm 
of light. Alternatively, these peaks in absorption at 450 nm are not achieved by chla 
(Ergun, 2004). However, the sufficiency of chlb is still inconclusive as to what this 
pigment fully provides to the plant because the most highly evolved photosystems solely 
rely on chla and often the pigment, carotenoid (Ergun, 2004). Some explanation as to 
why chlb is still present may be linked to the structure of the light-harvesting complex 
(LHC) (Horie, 2009).  Hoober and Eggink (2007), suggest that the biosynthesis and 
breakdown of chlb is tightly linked to the LHC structure and they cite a study they 
conducted where they observed mutations in the complex once chlb was modified. There 
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is little research on how these pigments are altered when a plant is not being grown in a 
traditional environment. The change of one chlorophyll to the other as indicated in the 
previous study may be influenced by the plant’s environment.  
 Schmid et al. (2001) conducted a study that demonstrated that chla is responsible 
for longer absorption; however, if chla is not present, then chlb can be involved in long 
wavelengths absorption. It would appear that chlb may be an auxiliary mechanism to 
ensure survival if the more efficient chla is not capable of fulfilling the plant’s needs.  
 Vayupharp and Laksanlamai (2013) studied green gram (Vigna radiata) and black 
gram (Vigna mungo) during the germination phase to determine total chlorophyll along 
with other nutrients. Total chlorophyll was determined by grinding the sample at different 
phases of germination with acetone, and absorbance was measured at wavelengths 663 λ 
and 645 λ and Total chlorophyll was calculated using the following formula: (mg of 
chlorophyll/100g of plant)=7.15A663nm+ 18.71A645nm. Once exposed to light for 12-24 
hours, chlorophyll contents significantly increased [green mung bean: 7.15 mg/100g to 
8.99 mg/100g and black mung bean: 2.69 mg/100g to 3.99 mg/100g]. Chlorophyll 
contents in the green gram mung bean were higher than the contents found in the black. 
The health benefits from vegetables with chlorophyll have high health value and are 
considered blood builders. High chlorophyll mung bean sprouts are recommended for 
their high nutrient components (Vayupharp and Laksanlamai, 2013).  
Food Safety Modernization Act  
The first major overhaul of the nation’s food safety practice, The Food Safety 
Modernization Act (FSMA) includes a provision entitled the Produce Safety Rule.  The 
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Produce Safety Rule places renewed emphasis on microbiological safety of fresh produce 
by requiring extreme care with the use of agriculture water, biological soil, production of 
sprouts, and presence of domesticated and wild animals, and it requires adequate worker 
training, worker health and hygiene, and equipment sanitation (NSAC, 2016; FDA, 
2016). Emphasizing water quality and the prevention of sprout contamination, the 
Produce Safety rule requires farmers to establish a baseline and routine sampling for the 
microbiological quality of the agriculture water (irrigation water) to monitor bacterial 
counts in water that is in direct contact with produce over time (FDA, 2016).  
In terms of the final rule for agriculture water quality, two sets of criteria for 
microbial quality are based on the presence of generic E. coli, indicating the presence of 
fecal contamination (NSAC, 2016). The first criteria indicates that E. coli should not be 
detectable for certain uses of agricultural water including: water for washing hands 
during and after harvest; water for food contact surfaces; water for direct produce contact 
during and after harvest; and water used for sprout irrigation (FDA, 2016, and Andrews, 
2015). The second criteria is for water directly applied to growing produce other than 
sprouts based on a geometric mean (GM) and statistical threshold (STV). If water does 
not meet criteria, corrective actions must be taken (FDA, 2016).  
New requirements to prevent contamination of sprouts include: taking 
measurements to prevent the introduction of pathogens to the seeds or beans used for 
sprouting; testing irrigation water for each batch of sprouts for certain pathogens; testing 
the growing, harvesting, packing, and holding environment for the presence of listeria 
species; and lastly taking corrective actions on all areas of production of water irrigation, 
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sprouts, and environmental samples (NSAC, 2016; Andrews, 2015). According to the 
FDA (2016), sprout operations will have less time to adjust to the rule than other produce 
growing farms. Based on the size of the operation, they will have 1 to 3 years to meet 
requirements with no additional time for water requirements (FDA, 2016).  
Since consumption of sprouts is of concern for its microbiological and nutritional 
impact on the public, there is a great need for additional scientific data on sprout growth 
and production. Thus, the objectives of this research were to:  
1.) observe the physical characteristics of the sprouts based off the given water 
treatment. 
2.) determine the impact of different production systems (aquaponic or 
hydroponic) on the color development of mature harvested mung bean and alfalfa 
sprouts from both aquaponic and municipal tap water systems. 
3.) determine the water chemistry of both aquaponics and municipal tap water 
irrigation treatments during the production of alfalfa and mung bean sprouts; 
 
The above objectives were evaluated in two experiments. 
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CHAPTER THREE 
EVALUATION OF MUNG BEAN (VIGNA RADIATA) AND ALFALFA 
(MEDICAGO SATIVA) SPROUT GROWTH USING MUNICIPAL WATER OR 
AQUAPONIC PRODUCTION SYSTEM.  
ABSTRACT 
 Alternative agricultural practices are gaining in popularity due to the high demand 
for food to meet the needs of a growing population and to meet the renewed interest in 
‘all natural’, local food production. Aquaponic systems are viewed as one of these 
alternative agriculture practices that is sustainable, potentially bridging the gap between 
economical and resource problems that are currently occurring with traditional food 
production.  
Among the many row crops that may be grown with aquaponic systems are 
sprouts which thrive in this type of production system as fast and easy to grow; however, 
sprouts are commonly associated with food borne illness causing them to be singled out 
in new Food and Drug Administration’s regulation entitled Food Safety Modernization 
Act’s Produce Safety Rule. Within the Produce Safety Rule are details regarding safe 
handling practice during production, harvest, and processing of fresh produce, including 
details regarding agriculture (irrigation) water. Thus, the purpose of this study was to 
determine the impact of two different irrigation water sources (municipal or aquaponic) 
on the production characteristics of alfalfa and mung bean sprouts.  
During each of the three replications, four growing pans were divided in half and 
planted with either alfalfa or mung beans such that each pan contained both types sprouts. 
53 
 
Each pan was set into a designated system: an aquaponic or municipal tap water system. 
On each of the seven days of production, seed length and width, stem length and width, 
root length and width, leaf length and width, branched roots, and whole length were 
recorded. Leaf color (C.I.E L*, a*, b*) was measured only for mung bean sprouts 
because leaves on alfalfa are too small to be accurately measured. For both alfalfa and 
mung bean sprouts the transition from ‘seed to sprout’ occurred between days 3 to 5 of 
production. By Day 3 of production, the root length for the aquaponic-alfalfa sprouts was 
nearly twice that of the traditional (municipal water) sprout root length (8.44 mm versus 
4.86 mm). At maturity, the leaf length, leaf width and whole length of the aquaponic 
alfalfa sprouts were 23.32 and 36% greater than the traditional sprouts. There was a 
difference observed among the mung bean sprouts produced in the two different 
irrigation systems where the aquaponic mung bean sprouts were taller compared to the 
municipal tap water sprouts. At days 5 to 7 of production, the aquaponic mung beans had 
longer roots by 1.5 to 2 times that of traditional mung beans. On day 7, the leaf length 
(6.85 mm versus 3.76 mm) and whole length (163 mm versus 85 mm) were significantly 
longer for aquaponic mung bean as compared to traditional mung beans.  
Data reported in this study agree with previous findings that even distribution of 
nutrients from fish waste can support faster growth of selected plants as compared to 
commercial fertilizers delivered in municipal water. Aquaponically generated irrigation 
water improved the production rate of alfalfa sprouts as evidenced by root length, leaf 
length and width, and whole sprout length. Irrigation with aquaponic water did not appear 
to increase the yield of both alfalfa and mung bean sprout as compared to traditionally 
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produced sprouts. While various crops may or may not be successful in aquaponic 
systems, there were no issues growing sprouts in this commercial system.  
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INTRODUCTION 
 Sustainable agriculture is gaining in popularity among consumers and larger food 
producers; however, there is some inconsistencies or differing views regarding the 
definition of sustainable agriculture. The definition of sustainable agriculture was 
outlined in the 1990 U.S. Farm Bill under the Food, Agriculture, Conservation, and Trade 
Act (1990) to be “…an integrated system of plant and animal production practice having 
a site-specific application that will, over the long term: satisfy human food and fiber 
needs; enhance environmental quality and the natural resource base upon which the 
agricultural economy depends; make the most efficient use of nonrenewable resources 
and on-farm resources and integrate, where appropriate, natural biological cycles and 
controls; sustain the economic viability of farm operations; and enhance the quality of 
life for farmers and society as a whole” (USDA, 2000; USDA 2007). Duesterhaus (1990) 
defined sustainable agriculture as farming systems that are “capable of maintaining their 
productivity and usefulness to society indefinitely”.  Lehman et al. (1993) had a slightly 
different view of sustainable agriculture as the process that does not deplete any non-
renewable resources that are essential to agriculture to sustain agricultural practices. To 
clarify some of the differences, the USDA (2007) published their definition of the term 
sustain as meaning, “to keep in existence or maintain” and implies long-term support or 
permanence. All of these definitions support the concept that sustainable agricultural 
systems must be resource conserving, commercially competitive, and environmentally 
friendly. Robertson (2015) stated that there has been disagreement regarding the 
definition of sustainable agriculture because the definition varies depending on the 
56 
 
community values. He further explained that “market” community may view sustainable 
agriculture is an economically smart production of food, while the “social” community 
views it as a system to protect future generations (Robertson, 2015). Among all of the 
differing definitions, scientists and congressional legislators agree that sustainable 
agriculture is an important development for alternative food production and includes 
methods of conserving critical resources for long-term productivity.  
Alternative food production methods are important because the world’s 
population is demanding more food, fiber, and fuel more than ever before and traditional 
agricultural practices may not be capable of continuing to meet this demand (USDA, 
2007). The U.S. Census estimates that 75 million individuals are added to the world’s 
population every year, and thus, additional research on novel food production methods is 
needed (Bernstein, 2011; US Census Bureau, 2015). A system that is easily adapted to 
become sustainable is aquaculture. Aquaculture has been reported to be the world’s most 
important food resource (FAO, 2012). Although estimates are difficult to achieve, 
recreational fisheries approach 140 million worldwide (FAO, 2012). An additional 40 
million tons of aquatic food from the fisheries have been predicted for future production 
by 2030 (Khakzadeh, 2014; FAO, 2012). The aquaculture market is valued at $125 
billion in the U.S and makes up 13% of the world’s animal-source protein while 
employing an estimated 24 million people (Bush, 2013). The goal to prevent the decrease 
in fish protein by 2020 comes from the “blue revolution” that addresses environmental 
and social issues such as water pollution, degradation of ecosystems, and the violation of 
labor standards (Bush, 2013, and FAO 2012). The Aquaculture Stewardship Council 
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(ASC) sets standards based on the sustainability certification for ecological and social 
interactions, auditing, and educational sources for sustainable aquaculture (Bush, 2013, 
FAO 2012; Mutersbaugh, 2005). 
The combination of aquaculture practices with hydroponic procedures allows for 
a promising sustainable food production method, and this combination may be considered 
a sustainable system because most individuals view the ‘re-use’ of fish waste for growing 
crops as ‘organic fertilizer’ (Diver, 2006; Bernstein, 2011). Conventional farming and the 
intensive production of animal protein have resulted in challenges from fluctuating 
energy and oil cost, climate change and pollution (Bernstein, 2011). With resource 
limitations, such as, constrained freshwater supplies, soil degradation, and soil nutrient 
depletion, the public sector has issued a call for action for increased sustainability 
(Godekk, 2015). Francis et al. (2003) states that sustainable agricultural production can 
be achieved by resembling natural ecosystems and “designing systems that close nutrient 
cycles”.  This is the main component of aquaponics (Francis, 2003). 
 The development of aquaponics resulted from aquaculture researchers that 
constantly recycled water from land-based tanks of fish (Love, 2014). Initially, 
experimentation began with soil-less plant systems for removing nitrogen compounds 
that became a toxic by-product for the fish created from their own waste (Love, 2014). 
Zweig et al. (1970) continued to explore and apply aquaculture and permaculture 
(farming that mimics natural systems) and thus, these researchers influenced the 
sustainable agriculture movement. In the late 2000s, Dr. James Rakocy along with other 
researches began looking more into the commercial productivity of aquaponics and this 
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led to the development of a popular experimental site set at the University of the Virgin 
Islands where a great deal of research on aquaponics has been conducted (Love, 2014).  
 Previous research on aquaponics has demonstrated that not all commodities thrive 
in this environment because of differing demands for nutrients (Bernstein, 2011, Sutton 
and Lewis, 1982 and Silva, 2015). Diver (2006) reported that lettuce, herbs, and specialty 
greens such as spinach, chives, basil, and watercress are well adapted to aquaponic 
systems because they have low to medium nutrient requirements, while other fruit-
bearing crops (tomatoes, cucumbers, bell peppers) have higher nutrient-demands that 
require heavily-stocked fish tanks. Sutton and Lewis (1982) investigated catfish 
(Ictalurus punctatus) stocked tanks alongside incorporated biofiltration hydroponic beds 
to grow tomatoes with an aerated water bath as the control treatment (Sutton and Lewis, 
1982). The growth rate of the tomato plant was not significantly different between the 
experiment bed and the control (P>0.05); however, the biomass of the tomato plants was 
the highest in the experimental systems. The results from the study showed that the 
experimental aquaponic system was far more advanced than the control system, which 
resulted in higher tomato productivity (Sutton and Lewis, 1982).   
 Aquaponic systems have been used to grow a few varieties of typical row crops 
such as those mentioned previously by Diver (2006); however, little information has been 
published on the use of this system or other growing methods for alfalfa and mung bean 
sprouts. There has been much published on microbial contamination of bean sprouts 
(Baker, 2016; Hu, 2015; Munguia-Fragozo, 2015). Since 1995, raw sprouts have emerged 
as a significant source of foodborne illness and the industry has been working 
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consistently in cooperation with the government and researchers to improve the safety of 
these products (Suslow, 2004; USDA, 2000). Along with improved seed management 
strategies, seeds may be sourced from certified companies and sanitary practices are 
mandated for the sprouting process (Suslow, 2004). The practice includes: seeds soaked 
in calcium hypochlorite and regular testing for Salmonella spp. and Escherichia coli 
O157:H7 in water irrigation (Suslow, 2004; USDA, 2000) Even with these practices, the 
FDA still recommends that high-risk individuals (elders and children) avoid eating any 
type of raw sprouts (Suslow, 2004). 
Sprouts originated in far eastern countries and have gradually spread to the 
western world as healthy component to many entrées (ISGA, 2015). Often consumed 
raw, mung bean and alfalfa sprouts appear frequently in salads and on sandwiches or as 
decorative appetizers (ISGA, 2015). However, these seeds have been found to contain a 
high microbial load ranging between 103 and 106 CFU/g of bacteria which result in a 
shorter shelf-life and increased risk of foodborne illness if consumed (Suslow, 2004; 
FDA, 2004). It is recommended that the system used to prevent outbreaks be designed to 
reduce the risk of these pathogens with the processing of the seed before the sprouting. 
This recommendation only reaches the microorganisms at the seed surface, which leaves 
a wide range of contamination during the germination process (Suslow 2004; FDA 2004). 
Some treatments applied to the seeds may impact germination (Food Safety, 2015).  
Penas et al. (2009) investigated the impact of high pressure at different times and 
temperatures as a mechanism of improving safety for sprout consumption. However, the 
experiment failed to balance the percentage of germination, which dropped to a 40% 
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germination rate (previously 96.5% germination rate) as well as the microbial safety of 
the sprouts (Penas et al., 2009)  
 Often research is surrounded by the prevention of microbial contamination that 
starts at the seeding process. It is difficult to process sprouts due to fragile characteristics 
and prevention of contamination is not guaranteed (Kumar, 2005). The U.S. Food and 
Drug Administration issued guidelines that claimed seeds meant for commercial sprout 
production must be decontaminated with calcium hypochlorite treatment of 20,000, mg/L 
for at least 15 minutes (FDA, 2004; USDA, 2000). Even with these guidelines, outbreaks 
of foodborne illness that are associated with these sprouts still occur frequently (FDA, 
2004).  
 Kumar (2006) conducted a study that investigated the use of a stabilized sodium 
oxychloro complex (SOC), which is essentially composed of chlorate, on mung bean, 
alfalfa, broccoli, buckwheat, clover, chickpeas, cress, flax, mustard, onion, radish, 
soybean, sesame, and sunflower seeds. This scientist used traditional sprout production 
by soaking the seeds for 3 to 16 hours for plant stimulation with the inclusion of SOC at 
levels that would not show adverse effects during the sprouting development (Kumar, 
2006). With the addition of 400 mg/L to 2,000 mg/L of SOC, a decreased of germination 
was observed along with stunted growth across all types of seeds. This study along with 
research projects showed that antimicrobial treatments can significantly impact on sprout 
production and treatments typically have little affect on sprout microbiological counts 
(Kumar, 2006).  
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 Mandatory food safety practices for farms (foreign and domestic) that grow, 
harvest, pack, or hold fresh produce for consumption in the U.S. has been finalized 
through the FDA’s Food Safety Modernization Act’s Produce Safety Rule (Balestrini, 
2016). The Produce Safety Rule establishes science-based standards designed to work 
across a wide diversity of produce farmers, including sprout growers (Food Safety News, 
2015). Between 1996 and 2014, there have been 43 outbreaks, 2,405 illnesses, 171 
hospitalizations, and 3 deaths associated sprouts and these reports are the primary reason 
that sprouts are singled out as the only “named” commodity directly addressed in the 
Produce Safety Rule (FDA, 2016). This specialty crop was also the first documented 
outbreak of Listeria monocytogenes in the United States (FDA, 2016). Requirements for 
prevention measures are now being implemented of dangerous microbes into or onto the 
seeds or beans that are purposed for sprouting. It is a requirement that only treated seeds 
or bean will be used for sprouting for the grower, distributor, or supplier (FDA, 2016).  
 Along with testing of the seed, microbiological enumeration is required on sprout 
irrigation (per the Produce Safety Rule) (FDA, 2016). The implementation on agricultural 
water testing establishes two sets of criteria where both involve the presence of generic E. 
coli (FDA, 2016). The first set of criteria states that any detectable generic E. coli will be 
dismissed in use for direct or indirect contact with produce. This includes: washing hands 
during and after harvest; direct contact of water on produce; water used for produce 
contact surface; and water used for sprout irrigation (FDA, 2015). The rule also 
establishes the prohibition of untreated surface water use for any of these purposes (FDA, 
2016). The second set of criteria states that agricultural water that is directly applied to 
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produce (including sprouts) must meet performance standards for geometric means (GM) 
and statistical threshold (STV). The GM of the samples has to be 126 or less CFU of 
generic E. coli per 100 mL of water and the STV of samples has to be 410 CFU or less of 
generic E.coli in 100 mL of water (FDA, 2016 and NSAC, 2016). The GM value 
represents the average of the water quality and the STV represents the amount of 
variability. This is a significant change from the FDA’s original approach where the limit 
was set to 235 CFU per 100 mL (NSAC, 2016). The values of GM and STV are set to use 
as a water management tool to better understand the microbial quality of agricultural 
water over time and determine the long-term strategy for use of water sources to grow 
produce (FDA, 2016). The Produce Safety Rule provides suggested corrective actions if 
these standards are not achieved.  
 The U.S. Food and Drug Administration (FDA) along with the Institute for Food 
Safety and Health (IFSH) has created the Sprout Safety Alliance in efforts to assist sprout 
producers in identifying and implementing best practices for safe sprout production 
(FDA, 2015). With agricultural water being the life of many produce for farmers, it has 
also been identified as a potential source of pathogens that may contaminate the produce 
(FDA, 2016). Along with current general water quality requirements, water system 
inspection at the beginning of the growing season is now required (NSAC, 2016). A 
farmer must be able to identify: the nature of each agricultural water source (ground 
water or surface water); the extent of control the farmer has on the source; the degree of 
protection of the water source; use of adjacent land; and the likelihood of hazards being 
introduced with the water system (NSAC, 2016).  
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 The testing of agricultural water is heavily implemented for soil based crops with 
no information on how soil-less operations will be affected. Furthermore, there is little 
information available on the use of aquaponic systems to produce sprouts. Thus, the 
objective of this research was to determine the effects of a commercial based aquaponic 
system on the growth and color development of mung bean and alfalfa.  
MATERIALS AND METHODS 
Type and Source of Sprout Seeds 
Alfalfa and mung bean sprouts were obtained from a commercial source1 and 
were confirmed as negative at the time of purchase for the presence of Escherichia coli 
0157 and Salmonella spp by the supplier. During each of the three replications, seeds 
were spread evenly among coconut fiber in the cells of polystyrene trays and transplanted 
in designated production system (municipal water or aquaponic). The sprouts were grown 
for 7 days to maturity before harvest. 
Commercial Production Systems  
 Two different commercial production systems2 were used to grow mung bean and 
alfalfa sprouts. The following treatments were established: 1) alfalfa sprouts grown in 
greenhouse hydroponic (municipal tap) system (GrAH); 2) mung bean sprouts grown in 
hydroponic (municipal tap) system (GrMH); 3) alfalfa sprouts grown in greenhouse 
aquaponic system (GrAA); and 4) mung bean sprouts grown in aquaponic system 
(GrMA).  
The municipal water and aquaponic system were held in the same greenhouse to 
minimize other contributing variables. Approximately 151.4 liters of tap water was 
1Johnny Selected Seeds in Winslow, 
Maine 04901 
2Location McAdams Hall, Clemson, 
South Carolina 29631 
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pumped directly into the bottom tray of a drip hydroponic system3 (121.92 cm long x 
60.96 cm wide x 60.96 cm deep). The system contained an aeration pump to ensure air 
circulation in the water throughout the experiment.  
The aquaponic system consisted of 3 fish tanks: two outer tanks (121.9 cm long x 
243.8 cm wide x 76.2 cm deep) filled with approximately 2460 liters (650 gallons) of 
water and 200 Nile Tilapia (Oreochromis niloticus) fish, and a center circular tank (182.9 
cm diameter x 121.9 cm deep) filled with approximately 1900 liters (500 gallons) of 
water with 15 Nile Tilapia fish. Water from the fish tanks was pumped into a smaller tank 
(91.4 cm long x 45.7 cm wide x 30.5 cm deep), which held approximately 284 liters that 
was filtered and pumped into the one growing bed (518.2 cm long x 121.9 cm wide x 
15.2 cm deep). The one growing bed of the system held approximately 947 liters of the 
filtered water. Flow rate of the grow bed was 1 liter/ x 8.43 seconds and 1 liter/ x 5.67 
seconds for the filtering tank.  
Sprouting Method 
For the sprouts grown in the municipal (tap) water, two bricks of coconut fiber 
were soaked in a large size container with tap water for a minimum of 24 hours before 
use and were then packed into the wells of a 209 cell polystyrene tray (58.4 cm long x 
34.6 cm wide x 6.35 cm deep). Similarly, two bricks of coconut fiber were prepared by 
soaking in tap water and packed in the wells of a 242 cell polystyrene tray (67.6 cm long 
x 34.6 cm wide x 6.35 cm deep) intended for the aquaponic system. The trays designated 
for the tap system were slightly shorter in length in order to fit in the commercial 
hydroponic growing bed.  
3 Commercial Hydroponic Systems from Sebastopol, CA 
95473. No nutrients added.  
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Once the coconut fiber had settled evenly in each well, the trays were set directly 
on top of the water of each designated system and labeled accordingly.  
Seeds were scattered manually within each tray, setting aside half a tray for alfalfa 
seeds and the other half for mung bean sprouts.  Approximately 100 mL of treatment 
water was carefully poured over the seeds once a day for two days, allowing the coconut 
fiber enough time to fully soak in the system. There were a total of four growing trays for 
each treatment. All trays were covered with linen cloth after the seeds were spread. The 
temperature, relative humidity, and time at the outdoor greenhouse were recorded daily. 
 Growth Parameters 
A total of 10 random seeds were selected for weighing on the day of planting. The 
sprouts growth parameters were measured daily using a caliper starting at Day 0 and 
ending on Day 7. A total of 5 sprouts from the different treatment trays were randomly 
selected for physical measurement daily; however, to get the best representation of the 
entire growing tray, the pattern of choosing sprouts along the edges of the pan and in the 
middle were maintained for each recording. The length and diameter of the stem, length 
and width of the leaves, length and width of the roots, and the whole length4 of the plant 
were observed in millimeters and recorded in the laboratory manual. Other observations 
included number of leaves and number of branched roots. 
 The 5 randomly selected sprouts were retrieved manually from the coconut fiber 
and placed in a clean moisten paper towel before measuring. The towel was pre-
moistened to ensure that the roots of the sprout were not affected which would make 
measuring difficult and inaccurate. If part of the plant appeared broken or showed signs 
4 Using a caliper, the tip of the leaf to the tip of the root of the 
sprout was measured 
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of deterioration, the plant was discarded and another sample was obtained, but 
deterioration was noted. The sprouts were held by hand for leaf length and width, width 
of stem, and width of the root. The sprout was then straightened on a paper towel for the 
caliper to obtain length of the stem, length of the root, and whole length of the plant. If 
sprouts were too long for the caliper to measure, then a ruler was substituted instead and 
measurements were converted from centimeters to millimeters. After the measurements 
were recorded, the selected sprouts were then discarded. This was repeated for all 
treatments.  
Color Analysis  
Color (C.I.E. L*, a*, b*) was measured on five plants per treatment of mung bean 
sprouts at harvest using a HunterLab UltraScan PRO spectrocolorimeter. The 
spectrocolorimeter was set for a 20 and 100 observer in illuminate C light. Before each 
measurement, the spectrocolorimeter was standardized using a light trap and standard 
white tile5. A complete spectral scan was performed; however, only the wavelengths 
corresponding to chlorophyll were reported (350-390 λ). Alfalfa sprout leaves and stems 
could not be read by the spectrocolorimeter due to size (too small) of the plant. The leaf 
of the mung bean was held across the light reader, covering the diameter of the reader 
completely. To ensure that only the color of the leaf was being recorded, a white tile was 
pressed behind the leaf and held during the reading of the sample.  The same procedure 
was repeated for the stem of the sprout, which consisted of the bean section of the sprout.  
 
 5 EVU000746 
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Statistical Analysis:  
 The experimental design was a 2x2 factional design using type of sprout and 
sources of water as the treatments. Three replications of the experiment were conducted 
with 4 growing pans per treatment in each replication. The main effects of the model 
were type of sprout, source of irrigation water and replication. The SAS model tested for 
statistical significance (P<0.05) using the residual error. The Least square means was 
used to test the significance level of 0.05.  
 
RESULTS AND DISCUSSION 
Alfalfa Sprout Characteristic  
 Alfalfa and mung bean sprouts reached maturity in both production systems 
(municipal water and aquaponic water) after seven days of growth. This is the typical 
growth pattern for alfalfa and mung bean sprout (USDA, 2002). Each type of system had 
the typical growth pattern commonly observed for sprouts without retardation. 
 Seed length for alfalfa sprouts grown in municipal water ranged from 2.43 to 5.68 
mm during Day 0 to 6 of production, while alfalfa seeds from the aquaponic system 
showed a similar developmental pattern (2.43 to 5.75 mm for day 0 to 6, respectively; 
Table 3). In both production systems, alfalfa sprouts transitioned from seeds to sprouts 
between Days 3 to 5 of production as evidenced by seeds appeared more sprout-like 
when they had shed the seed coat. There was no significant difference between the seed 
widths (1.45 to 2.86 mm) among all days of production for alfalfa sprouts (Table 3). By 
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Day 7, both aquaponic and tap water systems showed no signs of alfalfa seeds, as all 
seeds had sprouted.  
 Roots began to appear on the traditionally (municipal tap water) grown alfalfa 
sprouts on Day 1 (N=2) while the aquaponic grown sprouts were not observed to have 
roots until Day 2 (N=11). By Day 4, all alfalfa sprouts had a defined root system. There 
was a difference between the aquaponic and municipal tap water systems for root length 
from Day 3 to 6 of production (P<0.05), but these differences disappeared for Alfalfa 
sprout roots by Day 7. At the point where the seeds became sprouts (approximately Day 
4), the aquaponic system had an average root length of 22 mm with a range of length 
from 5.38 to 48.7 mm (N=20). This was significantly different from the Day 4 sprouts 
grown in the tap water system where the average root length was 13.82 mm with a range 
of root lengths of 3.28 to 25.14 mm (N= 20; P<0.05). When the sprout reached full 
maturity, there was no difference between the root lengths. No difference was observed 
between the widths of the roots for alfalfa sprouts among the different treatments 
throughout production (Table 3). Branched roots were first observed in the tap water 
system for alfalfa sprouts on Day 6 of production (N=7); however, by Day 7 (N=3) there 
was no difference between the two systems for branched roots (Table 3). Root systems 
are very efficient with providing dissolved minerals and nutrients to the stem and leaves 
(Furman University, 2016). In order to receive the maximum amount of nutrients, the 
primary root will begin to acquire branch roots that are supported by photosynthesis from 
the leaves of the sprouts (Whiting, 2003). Therefore, branched roots are a strong indicator 
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that the sprouts are having a successful growth and are requiring more nutrients (Whiting, 
2003).  
 Stem length was first observed when a color difference appeared between seed 
and the start of the root of the plant (Biology Discussion, 2013). When the seeds first 
sprouted in the system, the initial break from the seed was considered the root of the plant 
(Biology Discussion, 2013). Once the root emerged into the coconut fiber and the plant 
began growing upward, this part of the plant was considered the stem which is describe 
as appearing as a white thin part of the alfalfa sprout (Biology Discussion, 2013). With 
this particular type of sprout, stems appear as a thin white stalk (Colorado Integrated 
Food Safety, 2015). Stem length for alfalfa sprouts grown in municipal water ranged 
from 12.6 to 22.3 mm during Day 2 to 7 of production, while alfalfa stems from the 
aquaponic system showed similar day developmental pattern of 14.9 to 22.6 mm for Day 
2 (N=5) to 7 (N=20). Alfalfa sprouts that are homegrown or purchased at the store will 
typically have longer stem lengths that contribute to the majority of the whole length of 
the sprout, which is 2.5-3.8 cm (1-1.5in) (Bouton, 1996).  
 Typically, two deep green leaves will emerge from the stalk of a traditionally 
grown sprout, taking the place of the seed (Belabre, 2015). Traditionally grown sprouts 
(typically in the home) will include a slender stem with two small leaves; however, with 
the greenhouse systems a third leaf was observed between the two leaves closer to 
harvest. In the present study, the average leaf length in the tap water system ranged from 
4.40 to 8.34 mm, while the leaf length in the aquaponic system ranged from 5.48 to 
10.3mm. On the day of harvest, there was a significant difference between both systems 
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for leaf length (P-value=0.0022). The difference between the widths of the leaves 
correlated with the lengths. By Day 7 the width of the leaf in the municipal tap water 
system was 3.46 (N=20) while the leaf in the aquaponic system was 4.57 (N=20) (P-
value <0.0001). Only the widths of the two primary leaves were observed because that is 
what is reflected on what is sold in the market (Colorado Integrated Food Safety, 2015).  
 The whole length of the sprout was measured daily from the length of the seed to 
the mature sprout on the day of harvest. The whole lengths were significantly different by 
Day 4 (N=20) with the municipal tap water average of 30.5 mm, while the aquaponic 
system had an average of 45.4 mm (P-value 0.0111). By Day 7, the whole length of 
alfalfa sprouts grown in the municipal tap water system was 58.8 mm (N=20) and ranged 
from 36.3 to 88.7 mm, while the aquaponic system averaged 79.5 and ranged from 46.9 
to 104.5 mm (P-value 0.0001).  
 Silva et al. (2015) conducted a similar experiment where a Dynamic Root 
Floating (DRF) technique was used for pak choy (Brassica chinensis) and coriander 
(Coriandrum sativum) in two separate aquaponic systems. Unlike the pak choy and 
coriander in the Silva et al. (2015) experiment, the alfalfa had no issues with the survival 
rate or initial sprouting stage at Day 1. The alfalfa sprouts in the present study also did 
not experience fungal infections from Rhizoctonia and Pythium like both of the plants 
used in this previous experiment (Silva et al., 2015). However, the plant species that Silva 
et al. (2015) selected may be more susceptible to disease conditions than alfalfa and 
mung bean sprouts.  
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 Another experiment evaluated Lactuca sativa Linnaeus lettuce and Ocimum 
basillcum Linnaeus basil grown using an aquaponic system and these attacks, found that 
the growth rate of the plant species were affected by the density of the fish in the tank 
(Simeonidou et al. 2012). This suggests that there is a strong correlation between the fish 
feed and plant growth because feed affects waste. During the present study, fish were fed 
using a timed and metered system to reduce any variation among plant growth in the 
aquaponic system from feed-related changes in fish waste.   
Mung Bean Sprout Characteristic  
Seed length for mung bean sprouts grown in municipal water ranged from 5.28 to 
7.39 mm during day 0 to 7 of production, while mung bean seeds from the aquaponic 
system showed similar day developmental pattern (5.28 to 6.97 mm for day 0 to 7 
respectively; Table 4). There were no significant differences among the seed length 
between Day 4 to 7 where the seed visually showed signs of expansion as the root 
elongated from the seed in a biaxial direction and gradually forming into both stem and 
root. In addition, there were no differences among the sprout seed widths for mung beans 
grown in either system during production (Table 4).  
 DeEll (2000) states that the development of decay and sliminess of the roots 
could be cause of temperature fluctuation. During the present study, mung bean sprouts 
showed signs of these symptoms in replication 1 and the mung bean sprouts from this 
replication did not perform as well as the mung bean sprouts in other replications. This 
could have been the result of temperature fluctuations during replication 1.  
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 Development of the root started on Day 1 in the municipal tap water system 
(N=1) and Day 2 in the aquaponic system (N=6) for mung bean sprouts. There was no 
significant difference between systems on root length for mung sprouts until Day 5. 
Mung bean sprouts grown in the municipal tap water system had an average of 21.5 mm 
with a range of 2.03 to 57.6 mm, while mung bean sprouts grown in the aquaponic 
system had an average of 43.7 with a range of 5.28 to 115.2 mm (P-value of 0.0272). On 
the day of harvest, the root length for the aquaponic system was nearly twice that of (75.8 
mm) the root length of the municipal tap water (42.2; P-value of 0.0016).  
Mung bean sprouts have a crisp white hypocotyl (stem) and signs of deterioration 
will show dark streaks on the stem (DeEll, 2000). This was not seen in any of the 
replication even though retarded growth was observed during replication 1. There was no 
significant difference between the two systems on stem length for mung bean sprouts. On 
the day of harvest, the average length was 76.2 mm in the aquaponic system and 58.1 mm 
in the tap water system. There was no significant difference between the widths of the 
stems between each system for mung bean sprouts (Table 4). 
The length of the mung bean sprout leaves for both systems were the same; 
however, more leaves were present on mung bean sprouts in the aquaponic system than 
the mung bean sprouts grown in the municipal tap water system (N=19 in aquaponic 
versus N=13 in the tap water system) by Day 7. Leaf width was also significantly 
different between the two systems on Day 7 (P-value of 0.0272) where the sprouts grown 
in municipal tap water system had an average leaf width of 3.76 mm, while the sprouts 
grown aquaponic system had an average of 6.86 mm.  
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 The USDA (2000) implies that the horticultural maturity indices of sprouts occur 
within 1 to 8 days of growth, which is dependent on the consumer’s desired plant height 
and width. For commercial practices, mung bean sprouts are typically harvested after 3 to 
8 days when sprout length is between 13 to 76 mm (1.3 to 7.6 cm) (USDA, 2000). In the 
present study, there was a difference in whole length of the mung bean sprout between 
the two systems on Day 7 (P-value=0.0018). Mung bean sprouts grown in municipal tap 
water had an average whole length of 85.4 (N=20) with a range of 6.31 to 216.2 mm, 
while the mung bean sprouts grown in aquaponic system averaged 163.13 mm (N=20) 
with a range of 62.07 to 308.4 mm. These data are different from those of Silva et al. 
(2015) who found that aquaponically produced pak choy had a lower weight than pak 
choy produced using traditional methods. The differences observed between the present 
study and those of Silva et al. (2015) emphasize the variation among plant species for 
performance in aquaponic systems. There is very little published research on other 
physical parameters of crops in aquaponic systems, and therefore additional comparisons 
cannot be made at this time.  
Yield of Sprouts in Aquaponics 
Although there were some differences in the physical characteristics for sprouts 
grown in tap water versus aquaponic water, it cannot be concluded that the aquaponic 
production leads to a higher yield of mung bean sprouts or alfalfa sprouts. Weights of 
sprouts during production showed that there was no difference between the two different 
water systems. The harvest weights (Day 7) in the alfalfa sprout from the aquaponic 
system weight was ~0.36 grams for 10 alfalfa sprouts, while the alfalfa sprouts grown in 
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municipal tap system had an average weight of 0.31 grams (P-value=0.1719). Mung bean 
sprouts grown in the aquaponic system had an average mature weight of 3.18 grams (10 
sprout average), while the tap water system yielded mung beans sprouts that had an 
average weight of 2.60 grams (P-value=0.3883). With this particular crop there was no 
significant difference with weights, however; other studies show that there is a yield 
difference with weights between aquaponic systems and traditional hydroponic systems 
(Silva et al., 2015; Hu et al., 2014). As for commercial standards set by the U.S. 
Department of Agriculture, the only requirement is that the texture of the beans sprouts 
which are usually canned mung bean sprouts should be fleshy, tender, and crisp and are a 
slightly off-white color; however, there is no set standard weight for fresh alfalfa or mung 
bean sprouts. The only statements about yield is that ½ cup of seed should yield ½ pound 
of sprouts (Sprout People, 2016; USDA, 2001). The only information about desired 
weights for alfalfa sprouts is that 2 tablespoons of seed should yield ½ pound of sprouts 
(Sprout People, 2016).  
Color Analysis of Sprouts 
Undersander et al. (2011) reported that the alfalfa plant grown in the soil will 
have three leaves that become a light green color during growth. In the present study, the 
leaves on the aquaponically grown alfalfa sprout had higher L* value (61.4 versus 58.1), 
higher a* value (-11.0 versus -10.9), and higher b* value (23.3versus 20.5) than the 
alfalfa sprout leaves that were traditionally grown. The L* value is important in this case 
because it shows that the tap water leaves have a lighter value than the aquaponically 
grown sprouts. In terms of food quality, subjective and objective measurement of the 
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sprouts is essential. Variation in appearance of food may affect the consumer’s 
perception of quality (Birwal, 2015). Undersander et al. (2011) explains that when leaves 
of the alfalfa plant turn a lighter green or even yellow, the plant may have a nitrogen 
deficiency. It was difficult to obtain color values for the alfalfa sprouts due the size of the 
leaf and the size of the spectrocolorimeter orifice (Table 5 and 6). Steinberg (2012) 
demonstrated that there is a relationship between b values (yellowness) and polyamine 
composition of collard greens produced using traditional or organic practices. Polyamines 
concentrations increase in plants that are stressed as these bioactive molecules are 
involved in cell growth. The higher b values seen with the aquaponic sprouts may be 
related to polyamine production. Table 6 shows the wavelengths associated with 
chlorophyll a and b in the alfalfa sprout leaves. As indicated earlier there was a stronger 
L* value in the aquaponically grown alfalfa sprouts compared to the municipal tap water 
grown sprouts. A difference in absorption was observed for alfalfa sprout leaves at 640 
nm between the tow systems (P-value=0.0334) and this difference continues to 
wavelength 670 nm (WL12). These absorbance values are close to those typically 
associated with chlorophyll. Chlorophyll a has a peak wavelength at 664 nm, while 
chlorophyll b has a peak wavelength at 647 nm (Moore et al., 1995). The aquaponically 
grown sprouts had a stronger absorbance value with this range of wavelengths. It should 
be noted that the stems of the aquaponically grown alfalfa sprouts had a purplish/pink tint 
on the sides. The closet comparison as to why the difference in color resulting in the 
purplish/pink tint among aquaponic but not traditionally grown alfalfa sprouts may be 
due to excess phosphorus. Undersander et al. (2011) stated that the nutrient phosphorous 
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can cause the plant to have stems that are red or purplish and that may have occurred in 
this study. 
The stems of the aquaponically grown mung bean sprouts, which could not be 
read on the spectrocolorimeter, had a reddish tint towards the base of the plant. Fresh 
Sprouts (2016) state that this could be a cause of stress, by too much heat, cold, or too 
little moisture. However, there is no research available as to why the stem developed a 
pinkish/red tint. Mung bean sprouts are land-based plants and thus, produce two different 
chlorophyll isomers (Ergun, 2003). Chlorophyll a and b are both light absorbers that vary 
slightly in structure. The difference in structure allows for the slight modification in 
absorbance to ensure energy absorption (Ergun, 2003; Horie, 2009; Stockett 2015; 
Bialokoz 2013; Fernandez-Leon, 2009; Kouissa, 2012).  The LAB values for mung bean 
sprouts were significantly different among the two production systems for bean part (P-
value=0.0365). It would appear that the aquaponically grown mung bean sprouts are 
darker than the traditional sprouts through objective measurement; however, it depends 
on subjective observation to determine a difference between sprouts (Birwal, 2015). The 
wavelength range that contains the chlorophyll a and b peak absorbance was not 
significantly different.   
CONCLUSIONS 
 The aquaponic and tap water system were found to be different in most of the 
physical parameters observed (seed length, seed width, root length, leaf length, leaf 
width, and whole length). These differences could only have been based on the water 
irrigation provided to the sprouts because all environmental factors for the growth of 
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plants were held constant. There was no significant difference between the final 
harvesting lengths on the alfalfa sprouts; however, it should be noted that the alfalfa in 
the aquaponic system were more likely to develop a third leaf versus the tap water system 
where it was not often seen. This may have been the result of having an excess amount of 
nutrients in the water that were present in the aquaponic system than in the tap water 
system (Undersander, 2011).   
 There was no significant difference in final sprout weights between the two 
systems for either type of sprout; therefore, it cannot be concluded that the aquaponic 
system generates a higher yield than the municipal tap water system. The reasoning may 
solely be based on the type of crop used in the system because other research has reported 
higher yields from various crops in the system (Diver, 2006; Silva et al., 2015; Hu et al., 
2014).   
 Color analyses of the alfalfa sprouts were limited due to the size of the sprout. 
There was a significant difference among the wavelengths for chlorophyll a and b 
between the two systems specifically between the ranges of 640 nm to 670 nm. The stems 
could not be measured, but it should be noted that the alfalfa stems in the aquaponic 
system had a purplish tint towards the top of the stem directly below the leaves, which 
could mean that the sprout was receiving an excess amount of phosphorous.  
 The mung bean sprouts in the aquaponic system had a significant difference in the 
leaf color between the two different systems specifically with the L* values indicating 
that the aquaponically grown sprouts were darker than the municipal tap water sprouts. 
This could be due to the lack of nitrogen for the sprouts in the tap water system. It should 
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also be noted that the roots of the alfalfa were never sitting directly in the water supply 
except for a select few, versus the observation that most of the bean sprouts had through 
the tray and in the water.  
 Results from this present study may indicate that alfalfa sprouts may not rely as 
heavily on nutrients present in the water systems as the mung bean sprouts. It can also be 
concluded and in line with other studies, that not all crops are successfully grown in an 
aquaponics system, however, these different sprouts had very few issues with overall 
production. The highly developed root system for the aquaponic system suggest that this 
system could be advantageous for producing seedlings at a faster rate than traditional 
system for transfer to another type of production system.  
FUTURE RESEARCH RECOMMENDATIONS 
 Comprehensive study comparing aquaponics to a commercial hydroponic system 
and soil based system.  
 Growing parameters of below ground versus above ground vegetable crops in an 
aquaponic system.  
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Figure 10. Flow Diagram of Growing Method  
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1Means + standard error of means. 
2 “A” refers to Aquaponic production system, while “T” refers to a traditional commercial soil-less system with municipal tap water.  
3 Length of seeds, roots, stems, and leaves were measured daily on five randomly selected samples from tip to base.  
4Width of seeds, roots, stems, and leaves were measured daily on five randomly selected samples at the mid-point.  
5 ‘NA’ refers to ‘not applicable’ and is used when growth parameters could not be determined   
 
  
Table 3: Effect of commercial production time (days) and production system on Alfalfa sprout seed, root, stem, and leaf growth1 
Time 
(Day) 
Production 
System3 
Seed Length2 
(mm) 
Seed 
Width2 
(mm) 
Root 
Length4 
(mm) 
Root 
Width5 
(mm) 
Number 
of 
Branched 
Roots6 
Stem 
Length7 
(mm) 
Stem 
Width8 
(mm) 
Leaf 
Length9 
(mm) 
Leaf 
Width10 
(mm) 
Whole 
Length11 
0 
A 2.43 + 0.05 1.45 + 0.04 NA NA NA NA NA NA NA 2.43+ 0.05 
T 2.43 + 0.05 1.45 + 0.04 NA NA NA NA NA NA NA 2.43+ 0.05 
Probability Value (P) 1.000 1.000 NA NA NA NA NA NA NA 1.00 
1 
A 3.09+ 0.10 1.64+ 0.05 NA NA NA NA NA NA NA 3.09+ 0.10 
T 2.82 + 0.12 1.49 + 0.07 6.32+ 0.87 0.63+ 0.07 NA NA NA NA NA 3.18+ 0.35 
Probability Value (P) 0.0981 0.1151 NA NA NA NA NA NA NA 0.8077 
2 
A 3.37+ 0.15 1.54+ 0.07 8.71+ 2.51 0.47+ 0.04 NA 14.9 + 1.10 0.65 + 0.05 5.48 + 0.00 2.08+ 0.00 10.2+ 3.08 
T 3.40 + 0.14 1.56 + 0.05 7.54+ 1.41 0.54 +0.04 NA 12.6 + 2.43 0.65 + 0.08 4.40 + 0.16 1.65+ 0.24 9.27+ 2.19 
Probability Value (P) 0.9002 0.8315 0.6834 0.2148 NA 0.4189 1.0000 0.1599 0.4892 0.8075 
3 
A 3.51+ 0.21 1.39+ 0.08 8.44+ 1.12 0.48+ 0.04 NA 10.3+ 1.80 0.73+ 0.06 4.48+ 0.55 1.65+ 0.23 12.8+ 1.71 
T 3.38+ 0.19 1.39+ 0.10 4.86+ 0.74 0.50+ 0.04 NA 7.73 + 0.66 0.66 + 0.06 4.01+ 0.19 2.02 + 0.33 6.74+ 1.41 
Probability Value (P) 0.6382 0.9779 0.0181 0.8305 NA 0.2569 0.4063 0.6639 0.4389 0.0111 
4 
A 5.09+ 0.40 2.13+ 0.18 22.0+ 2.50 0.43+ 0.04 NA 19.4+ 2.22 0.60+ 0.05 6.01+ 0.40 2.77+ 0.17 45.4+ 4.52 
T 3.57 +0.12 1.47 + 0.13 13.8 +1.46 0.40+ 0.04 NA 19.8+ 2.59 0.66+ 0.04 5.71+ 0.41 2.52+ 0.22 30.5+ 4.69 
Probability Value (P) 0.0112 0.0229 0.0078 0.6582 NA 0.9164 0.3188 0.6245 0.3710 0.0278 
5 
A NA NA 34.9+ 3.16 0.41+ 0.02 NA 24.9+ 2.12 0.68+ 0.03 8.71+ 0.27 3.65+ 0.12 67.1+ 5.13 
T 4.82+ 0.76 2.05+ 0.29 19.8+ 1.46 0.40+ 0.02 NA 19.6 + 2.18 0.68+ 0.03 6.94+ 0.40 3.07+ 0.21 44.5 + 3.69 
Probability Value (P) NA NA 0.0001 0.8710 NA 0.0874 0.9675 0.0007 0.0176 0.0010 
6 
A 5.75+ 0.44 2.86+ 0.04 41.2+ 3.75 0.38+ 0.03 NA 24.8+ 2.04 0.63+ 0.02 9.39+ 0.41 4.35+0.16 74.1+ 5.43 
T 5.68+ 0.36 1.99+ 0.14 23.9+ 1.82 0.39+ 0.02 2.00 + 0.29 22.0 + 1.86 0.70+ 0.04 7.81+ 0.19 3.64+ 0.10 52.3 + 3.25 
Probability Value (P) 0.9189 0.0269 0.0002 0.7692 NA 0.3122 0.1093 0.0015 0.0006 0.0014 
7 
A NA NA 37.8+ 4.23 0.43+ 0.04 5.00 + 0.57 22.6+ 1.60 0.65+ 0.02 10.3+ 0.45 4.56+ 0.18 79.6+ 3.59 
T NA NA 28.7+ 2.14 0.36+ 0.02 5.00 + 0.33 22.3+ 1.72 0.62+ 0.02 8.34+ 0.27 3.46+ 0.12 58.8 + 2.75 
Probability Value (P) NA NA 0.0637 0.0953 0.6433 0.8884 0.3745 0.0022 <0.0001 <0.0001 
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1Means + standard error of means. 
2 “A” refers to Aquaponic production system, while “T” refers to a traditional commercial soil-less system with municipal tap water.  
3 Length of seeds, roots, stems, and leaves were measured daily on five randomly selected samples from tip to base.  
4Width of seeds, roots, stems, and leaves were measured daily on five randomly selected samples at the mid-point.  
5 ‘NA’ refers to ‘not applicable’ and is used when growth parameters could not be determined  
Table 4:  Effect of commercial production time (days) and production system on Mung Bean sprout seed, root, stem, and leaf growth1 
Time 
(Days) 
Production 
System3 
Seed 
Length2 
(mm) 
Seed 
Width2 
(mm) 
Root 
Length4 
(mm) 
Root 
Width5 
(mm) 
Number of 
Branched 
Roots6 
Stem 
Length7 
(mm) 
Stem 
Width8 
(mm) 
Leaf 
Length9 
(mm) 
Leaf 
Width10 
(mm) 
Whole 
Length11 
0 
A 5.28+0.08 4.02 + 0.05 NA NA NA NA NA NA NA 5.28 + 0.08 
T 5.28+0.08 4.02 + 0.05 NA NA NA NA NA NA NA 5.28 + 0.08 
Probability Value (P) 1.000 1.000 NA NA NA NA NA NA NA 1.000 
 1 
A 5.60+ 0.08 4.01+ 0.07 NA NA NA NA NA NA NA 5.60 + 0.08 
T 5.91+0.15 4.13 + 0.08 4.62+ 0.00 1.29+ 0.00 NA NA NA NA NA 5.91 + 0.15 
Probability Value (P) 0.0830 0.2751 NA NA NA NA NA NA NA 0.0830 
2 
A 5.84+0.14 3.97+ 0.07 3.62+ 0.53 0.82+ 0.07 NA NA NA NA NA 5.84+ 0.14 
T 6.27+0.20 4.16+ 0.08 7.68+ 2.71 0.86 +0.06 NA 8.15 + 1.22 1.37 + 0.02 NA NA 8.07+ 1.45 
Probability Value (P) 0.0820 0.0920 0.2278 0.7050 NA NA NA NA NA 0.1246 
3 
A 6.56+0.27 4.45+ 0.15 6.19+ 1.21 0.99+ 0.04 NA 3.27+ 0.00 1.20 + 0.00 NA NA 8.08+ 0.74 
T 6.74+0.16 4.37+ 0.04 6.52+ 0.95 0.72+ 0.23 NA 5.28+ 0.00 1.53 + 0.00 NA NA 6.74+ 0.16 
Probability Value (P) 0.5771 0.6465 0.8660 0.1352 NA NA NA NA NA 0.0959 
4 
A 7.34+0.21 4.50+ 0.16 28.4+ 6.16 0.95+ 0.24 20.0 + 2.33 23.6+ 7.22 1.53+ 0.08 13.1+ 2.09 2.73+ 0.46 38.3+ 10.7 
T 6.96+0.16 4.58+ 0.14 15.1+3.83 0.80+ 0.05 NA 12.1+ 2.98 1.43+ 0.07 11.7+ 0.00 2.70+ 0.00 19.6+ 4.75 
Probability Value (P) 0.1700 0.7074 0.0908 0.5843 NA 0.1998 0.3633 0.7624 0.7624 0.5853 
5 
A 7.00+0.19 4.29+ 0.21 43.7+ 9.34 0.70+ 0.04 8.00 + 1.85 37.5+ 10.9 1.59+ 0.19 18.3+ 2.52 3.80+ 0.46 67.9+ 18.2 
T 7.26+0.16 4.58+0.08 21.5+ 4.05 0.78+ 0.05 6.00 + 1.49 25.9 + 7.40 1.46+ 0.07 14.8+ 0.84 3.29 + 0.20 40.7+ 10.3 
Probability Value (P) 0.2848 0.2134 0.0272 0.2551 0.4095 0.3866 0.5590 0.4382 0.3158 0.7145 
6 
A 7.34+0.23 4.53+ 0.26 60.7+ 10.5 0.70+ 0.04 17.0 + 3.26 61.2+ 14.2 1.58+ 0.07 21.7+ 3.57 4.81+0.63 111.6+21.3 
T 7.40 +0.24 4.55+ 0.14 28.9+ 3.71 0.70+ 0.04 12.0 + 2.56 36.5+ 10.0 1.48 + 0.07 16.6+ 2.53 3.59 + 0.35 61.9 + 14.3 
Probability Value (P) 0.8535 0.9475 0.0085 0.9523 0.3232 0.1642 0.3370 0.3321 0.3326 0.0599 
7 
A 6.97+0.19 4.36+ 0.25 75.8+ 7.54 0.65+ 0.03 14.0 + 2.48 76.2+ 11.1 1.52+ 0.05 20.8+ 2.30 6.85+ 1.07 163.1+17.4 
T 7.39+0.14 4.75+ 0.13 42.2+ 5.11 0.68+ 0.06  14.0 + 3.21 58.1+ 10.2 1.49+ 0.05 16.6+ 1.21 3.76+ 0.36 85.4 + 15.2 
Probability Value (P) 0.0742 0.1520 0.0016 0.6638 0.9843 0.2547 0.7017 0.1718 0.0272 0.0018 
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Table 5. Effect of production system (Greenhouse) on colorimetric data of mung bean and alfalfa sprouts. 
 Alfalfa Mung Bean 
 
Aquaponic Tap 
Probability Value 
(P) 
Aquaponic Tap 
Probability Value 
(P) 
Stem       
L* NA3 NA NA 62.6 + 1.29 57.7 + 1.31 0.0365 
a* NA NA NA -1.80 + 0.42 -0.77 + 0.46 0.2176 
b* NA NA NA 11.7 + 1.03 9.5 + 0.95 0.8411 
Leaf       
L* 61.4 + 0.63 58.1 + 0.62 0.0017 56.6 + 0.88 56.3 + 0.80 0.9411 
a* -11.0 + 0.42 -10.9 + 0.37 0.8787 -9.02 + 0.37 -9.04 + 0.41 0.9176 
b* 23.3 + 1.23 20.5 + 1.27 0.1155 17.6 + 1.36 15.9 + 1.20 0.7156 
1 Means + standard error of means; Alfalfa N=10 ; Mung Bean N=21 
2 L* shows lightness where “0” is black and “100” is white; a* indicates green/red where negative values means 
green and positive values means red; b* indicates blue/yellow where negative values means blue and positive 
values mean yellow.  
3‘NA’ refers to ‘not applicable’ and is used when colorimetric data could not be determined. 
 
 
89 
 
 
 
 
 
 
 
 
 
 
Table 6: Effect of commercial production system on colorimetric data1,2 of alfalfa sprouts. Stems were too small to 
receive an accurate reading, therefore; only leaf data was recorded.  
  
Production 
System3 WL1
 WL2 WL3 WL4 WL5 WL6 WL7 WL8 WL9 WL10 WL11 WL12 
A 16.2 + 0.19 15.9 + 0.20 15.8+ 0.19 15.6+ 0.21 15.4+ 0.21 15.3+ 0.21 19.9+ 0.67 17.2+ 0.50 15.4+ 0.42 15.9+ 0.38 15.0+ 0.44 13.1+ 0.22 
T 15.9 + 0.18 15.7+ 0.20 15.4+ 0.21 14.9+ 0.27 14.7+ 0.26 14.6+ 0.27 17.2+ 0.81 14.8+ 0.72 13.6+ 0.53 13.9+ 0.59 13.2+ 0.50 12.0+ 0.33 
Probability 
Value (P) 
0.2389 0.3732 0.2717 0.0787 0.0718 0.0623 0.0334 0.0247 0.0295 0.0233 0.0286 0.0273 
1Means + standard error of means.  
2 Treatment codes are:  WL1 refers to wavelength 430; WL2 refers to wavelength 435; WL3 refers to wavelength 440; WL4 
refers to wavelength 460; WL5 refers to wavelength 465; WL6 refers to wavelength 470; WL7 refers to wavelength 640; 
WL8 refers to wavelength 645; WL9 refers to wavelength 650; WL10 refers to wavelength 660; WL11 refers to wavelength 
665; WL12 refers to wavelength 670.  
3“A” refers to Aquaponic production system, while “T” refers to a traditional soil-less system with municipal tap water. 
4 Stem (bean) of the mung bean sprout was measured by placing the bean to the light trap of the spectrocolorimeter.  
5 One leaf from each 5 randomly selected sprouts at harvest was placed on the light trap for measurement. 
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CHAPTER FOUR 
EFFECT OF IRRIGATION WATER ON GROWTH AND COLOR 
DEVELOPMENT OF MUNG BEAN (VIGNA RADIATA) AND ALFALFA 
(MEDICAGO SATIVA) SPROUTS IN A CONCENTRATED LABORATORY 
ENVIRONMENT 
 
ABSTRACT 
 The local food movement has created a drastic increase in demand for locally 
produced fruits and vegetables (USDA, 2016). Along with this rise in local and healthy 
diet, the consumption of sprouts has become increasingly popular among the population 
seeking to improve dietary habits (Pasko, 2009). Unfortunately, this crop is also the 
culprit to many foodborne illness outbreaks and has been recently singled out in the new 
Food and Drug Administration regulation (Food Safety Modernization Act, Produce 
Safety Rule). Thus, the purpose of this study was to determine the impact of two different 
irrigation water sources (municipal and aquaponic) on the production characteristic of 
alfalfa and mung bean sprouts in a controlled environment.  
 During each of the five replications, eight growing pans were used where four 
contained alfalfa (two treated with municipal and two treated with aquaponic) and the 
other contained mung bean sprouts (two treated with municipal and two treated with 
aquaponic). On each of the seven days of production, seed length and width, stem length 
and width, root length and width, leaf length and width, branched roots, and whole length 
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were recorded. Leaf color (C.I.E L*, a*, b*) was measured only for mung bean sprouts 
and not on alfalfa because of that particular sprout’s size of stem and leaves. The physical 
production parameters were found to be different in seed length and width, root length 
and width, branched roots, leaf length and width, and whole length. 
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INTRODUCTION 
The local food movement has created an initial push with the “Know Your Food 
Your Farmer” project with the intentions to connect consumers to the local farmers 
(USDA, 2016). The largest participation in the project comes from small farms that 
roughly generate $49,999 or less in revenue (USDA, 2016). In the U.S., 88% of all farms 
are classified as small farms (Young, 2015). Family farms are the focus of the new 
agriculture census data (Young, 2015). As of 2008, local food sales were estimated to be 
approximately $5 billion. According to the IDALS (2010), research shows that the 
demand for local food, particularly in the state of Iowa, is outpacing the production of 
local foods-the demand is greater than the deliverables, creating an economic advantage.  
Creating a movement that promotes the access to fresh and healthy food 
nationwide also generates opportunities for population groups (senior citizens and 
recipients that participate in the Special Supplemental Nutrition Program for Women, 
Infants, and Children or WIC) that do not normally have access to these food groups to 
have access through local farmers and farmer markets (USDA, 2016). This means that 
many low-income families have access to locally grown fresh fruits and vegetables and in 
some cases, these are even grown in the household (USDA, 2016). One of the 
commodities that can be grown at home with very little resource-input are sprouts. There 
are considered to be many nutrients in sprouts and the way sprouts are produced can 
effect the nutrient composition of the sprout  (Swieca et al., 2012). Swieca et al. (2012) 
conducted a study to determine the polyphenolic contents and antioxidative abilities from 
the different stages of germination in lentil sprouts with the influence of illumination. 
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Swieca et al. (2012) concluded that the lack of illumination significantly impacted the 
total phenolic and tannin values. Germination was significantly modified along with 
illumination to get the maximum amount of antioxidant potential of the sprouts (Swieca 
et al., 2012). 
High Mowing Organic Seeds (HMOS) (2016) suggest that homegrown sprouts 
traditionally do not require any special expertise, equipment, or even soil and can be 
easily grown inside the home. Most sprouts are nutrient dense and that make these special 
crops desirable all year long (Michaels, 2016). There are several different methods for 
sprouting that vary according to the type of sprout (HMOS, 2016). A desired temperature 
range between 20oC -28o C must be maintained with plenty of water for germination via 
washing or soaking. Soaking is a great indicator to determine which seeds are good for 
use as sprouts that sink are still viable while seeds that float are likely no longer viable. 
The exceptions to this are onion sprouts, which require effort to sink (HMOS, 2016). 
According to Michaels (2016), sprout seeds will not be viable if they have too much 
water or they are overcrowded during production. Overcrowding will reduce the access to 
oxygen which can result in retarded sprout growth (Michaels, 2016). While a Jar-lid 
method (a soaking method) is the quickest, simplest and cheapest method for sprouting, it 
can lead to “drowning of the seed” by having less airflow and poor drainage (HMOS, 
2016).  
Sprouting seeds by tray is another common method where seeds can either be 
placed directly at the bottom of the tray or on top of cloth or paper towel in the tray. This 
method allows for several different sprouts to be grown at the same time and also allows 
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a good circulation of airflow (HMOS, 2016). However, unlike the Jar-lid method, the 
seeds in trays require additional care and need to be rinsed twice daily to ensure that the 
sprouts are receiving enough water (HMOS, 2016). Seed companies may offer hemp bags 
for growing sprouts, but this is often for the delicate leafy sprouts that are easily damaged 
(HMOS, 2016). Using hemp bags is similar to the Jar-lid method of sprouting where the 
bags are placed in water, the sprouts are soaked overnight, and then rinsed three times 
daily until harvest (HMOS, 2016 and Michaels, 2016). The hemp bag method has the 
best airflow and drainage of all the methods; however, it is not suitable for all varieties of 
sprouts including Chinese-style mung bean sprouts where more rinsing is required 
(HMOS, 2016).  
According to High Mowing Organic Seeds (2016), alfalfa seeds should have 
excess amounts of water for approximately 8 hours at the beginning of production. 
Sprouting time for alfalfa seed is typically 4-5 days, but these sprouts can be harvested as 
late as 8 days of production where 1 tablespoon of seeds will yield approximately 3-4 
cups of sprouts (ISGA, 2016). Alfalfa sprouts typically grows well in trays and in the jar-
lid method (HMOS, 2016). Mung bean sprouts have a similar soak time of 8 hours and 
typically can be harvested after 5-6 days (ISGA, 2016). Mung bean sprout can be easily 
grown using the tray or jar-lid method where approximately ½ cup of seeds will yield 2-
½ cup of sprouts (ISGA, 2016 and HMOS, 2016). With the exception of the information 
published by ISGA and HMOS, there has been little research conducted on growing 
methods of sprouts, and the majority of the other research conducted on has been 
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primarily focused on microbiological decontamination (Baker, 2016 and Kim et al., 
2012).  
As of 2013, it was estimated that over 15 million pounds of all variety of sprouts 
were being produced annually in the United States (Chongtao, 2013). The gradual 
increase in popularity of sprouts may be attributed to the higher content of vitamins and 
minerals along with the convenience of an easy growing method (Jung, 2009). However, 
the vulnerability of microbial contamination has placed sprouts as a high-risk food (Jung, 
2009; Kim et al., 2012). Kim et al.,  (2012) reported that during the production stage of 
sprouts, aerobic microorganisms were increased by 3 log CFU/g during the sprouting 
stage and several foodborne pathogens were isolated by the final production. These 
authors found that approximately 40% of alfalfa seed contained Bacillus cereus and L. 
monocytogenes, and they concluded that intervention methods must be taken during the 
germination and post harvest stage of production to reduce the level of contamination on 
mature sprouts (Kim et al., 2012). Baker (2016) found that sprouts harbor a significant 
amount of microorganisms regardless of the water irrigation. Even with post-harvest 
processing (washes) there was not an effective was at reducing the microorganisms 
(Baker, 2016).   
 It is often that pathogen contamination occurs during the production process at 
most manufacturing facilities and often seed treatment is considered the most critical 
barrier against microbial contamination (USDA, 1999). The U.S. Food and Drug 
Administration recommends that sprout seeds be soaked in water with an additional 
20,000 mg/L of calcium hypochlorite for approximately 15 minutes before proceeding 
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with the germination phase (FDA, 2004 and USDA, 1999). With the current intervention 
methods, there are still incidences or errors that occur that causes outbreak among sprout 
production. There has been little research conducted on the contaminated irrigation water 
that could potentially be the root of a pathogen source (Chongtao, 2014 and USDA, 
1999) Chongtao et al. (2014) looked at hydroponically grown mung bean sprouts that 
were exposed to a green fluorescence protein tagged Salmonella Typhimurium through 
maturity. The water was UV treated before seeds were planted in the system along with a 
post harvest chlorine wash (2,000 mg/liter/min) to the sprouts along or UV treatment 
used as disinfection methods (Chongtao et al., 2014). The purpose to this study was to 
assist sprout growers and the food industry provider of sprouts to look at new alternative 
methods of prevention (Chongtao et al., 2014). Chongtao (2014) grew the mung bean 
sprouts by soaking the beans in a 1:5 ratio (weight/volume) of seeds: water in a sterile 
petri dish (6 grams of seeds soaking in 30 mL of water) in the dark overnight (Chongtao 
et al., 2014). A cultured protein-tagged Salmonella Typhimurium was added to 2 liters or 
irrigation water and then sprayed onto the sprouts for 6 days. Overall, the Salmonella 
internalized in the mung bean sprouts and it was not dependent on the stage of growth of 
the sprouts (Chongtao et al., 2014). Baker (2016) conducted a similar study using a 
fluorescence-tagged E.coli but concluded that the levels of contamination that were too 
high to determine where the bacteria were located.  
Studies on the microbiology of sprouts are important because sprouts are 
commonly associated with food borne illness. As a result of this association, the new 
Food and Drug Administration regulation (Food Safety Modernization Act, Produce 
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Safety Rule) on food safety has been mandated. The Produce Safety Rule places 
emphasis on the microbiological safety of the fresh produce, and especially focuses on 
the production of fresh sprouts (NSAC, 2016; FDA, 2016). Farmers are now required to 
establish baseline and routine sampling for microbiological quality of agriculture water 
that comes in direct contact with the produce including sprouts. To prevent the 
contamination of sprouts, the producer is required to take measurements ensuring the 
prevention of introduction of pathogens to the seeds used for sprouting, testing the 
irrigation water that is used for each batch of sprouts for certain pathogens; testing the 
growing, harvesting, packing, and holding environment for the presence of listeria 
species; and finally to take corrective actions if contamination occurs (NSAC, 2016; 
FDA, 2016). However, there is little research or baseline information available on 
preventing contamination during the production of sprouts. The known prevention 
method starts with the supplier, ensuring that the seeds are treated and tested as negative 
for the presence of Salmonella spp. and Escherichia. coli O157:H7 (FDA, 2004). The 
Food and Drug Administration (2016) state that sprout operation will have less time to 
adjust to the Produce Safety Rule than other produce growing farms. While the rule for 
sprouts implies testing of irrigation water, the testing of agricultural water is heavily 
implemented for soil based crops with no information on how soil-less operations will be 
affected (FDA, 2016). Furthermore, there is little information available on the use of 
sustainable systems to produce sprouts. Thus, the objective of this research was to 
determine the effects of water produced from an aquaponic system on the growth and 
color development of mung bean and alfalfa in a controlled environment. 
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MATERIALS AND METHODS 
In a previous experiment, alfalfa and mung bean sprouts were grown in a 
greenhouse environment with the aquaponic system. This experiment was conducted in a 
laboratory to confirm results previously observed in the greenhouse.  
Type and Source of Sprout Seeds 
Alfalfa and Mung Bean sprouts were obtained from a commercial source1 and 
were confirmed as negative at the time of purchase for the presence of Escherichia Coli 
0157 and Salmonella Spp by the supplier. During each of the five replications, seeds were 
spread evenly among moistened paper towels and divided into growing pans per 
designated treatment.  The sprouts were grown for 7 days to maturity before harvest. 
Treatments 
 Two different sources of irrigation water were used to grow alfalfa and mung 
bean sprouts. The following treatments were established: 1) alfalfa sprouts grown in 
aquaponic water (AA); 2) alfalfa sprouts grown in tap water (AT); 3) mung bean sprouts 
grown in aquaponic water (MA); and 4) mung bean sprouts grown in tap water (MT).  
All seeds were placed in identical separate growing pans (40 cm long x 31.8 cm 
wide x 15.2 cm deep) on a four-layered folded paper towel that was previously sprayed 
with 100 mL of the designated treatment water. The seeds were sprinkled evenly by hand 
and were appropriately labeled based on treatment.  An additional 100 mL of aquaponic 
or tap water was poured evenly over the alfalfa seeds and 200 mL of addition aquaponic 
or tap water on the mung bean seeds. Fresh water samples were collected daily from the 
greenhouse, except for the weekends due to unavailable access. Two sets of samples were 
1Johnny Selected Seeds in Winslow, 
Maine 04901 
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collected on Friday, enough for twice daily watering on Saturday and Sunday. There 
were a total of eight growing pans showing true duplicate for each treatment and all were 
covered with linen cloth. The sprouts were watered twice daily with approximately 100 
mL of designated treatment water. The temperature, relative humidity, and time of the 
laboratory greenhouse2 were recorded daily. 
Growth Parameters 
A total of 10 random seeds were selected and weights were recorded on the day of 
planting. The sprouts growth parameters were measured daily using a caliper starting at 
Day 0 and ending on Day 7. A total of 5 sprouts from the different treatment pans were 
randomly selected for measurement; however, to get the best representation of the entire 
growing pan, the pattern of choosing sprouts along the edges of the pan and in the middle 
were maintained for each recording. The length and diameter of the stem, length and 
width of the leaves, length and width of the roots, and the whole length of the plant were 
observed in millimeters and recorded in the laboratory manual. Other observations 
included number of leaves and number of branched roots. 
 The 5 randomly selected sprouts were plucked by hand from the paper towel and 
placed on a clean moisten paper towel in prep for measurement. The towel was moist to 
ensure that the root of the sprout did not shrivel which would make measuring difficult. If 
part of the plant appeared broken or showed signs of deterioration, the plant was 
discarded and another sample was obtained. The sprouts were held by hand for leaf 
length and width, width of stem, and width of the root. The sprout was then straightened 
for the caliper to obtain length of the stem, length of the root, and whole length3 of the 
2Located in Life Science Building Lab 
room 230B 
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plant.  After the measurements were recorded, the selected sprouts were then discarded. 
This was repeated for all treatments.  
On the last day, the sprouts were harvested by hand and were divided out for 
physical measurement and color analysis. Wearing latex gloves and simply plucking the 
sprout by the stem ensured that the root was fully intact during harvesting. Again, if any 
damage occurred, the plant was discarded and a new sample was obtained. Five randomly 
selected sprouts were set aside for physical measurements. Two sets of 5 sprouts were 
obtained from each treatment for weight measurements. The first sets of 5 weights were 
recorded and then the second set was added on the analytical balance and recorded as 
“weight of 10 sprouts”.  
Color Analysis  
Color (C.I.E. L*, a*, b*) was measured on five plants per treatment of mung bean 
sprouts at harvest using a HunterLab UltraScan PRO spectrocolorimeter. The 
spectrocolorimeter was set for a 20 and 100 observer in illuminate C light. Before each 
measurement, the spectrocolorimeter was standardized using a light trap and white tile4. 
A complete spectral scan was performed; however, only the wavelengths corresponding 
to chlorophyll were reported (350-390 λ). Alfalfa sprout leaves and stems could not be 
read by the spectrocolorimeter due to size of the plant. The leaf of the mung bean was 
held across the light reader, covering the diameter of the reader completely. To ensure 
that only the color of the leaf was being recorded, a white tile was pressed behind and 
held during the reading of the sample.  The same procedure was repeated for the stem of 
3 Using a caliper, the tip of the leaf to the tip of the root of the sprout was measured 
4 EVU 000746 
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the sprout, which consisted of the bean section of the sprout.  
Statistical Analysis:  
 The experimental design was a 2x2 fractional design using type of sprout and 
sources of water as the treatments. Five replications of the experiment were conducted 
with 4 growing pans per treatment in each replication. The main effects of the model 
were type of sprout, source of irrigation water and replication. The SAS model tested for 
statistical significance (P<0.05) using residual error. The Least Square Means were used 
to test the significance level of 0.05.   
RESULTS AND DISCUSSION 
Alfalfa Sprout Characteristic  
The alfalfa and mung bean sprouts grown in the laboratory reached commercial 
maturity in both treatments (municipal water and aquaponic water) after seven days of 
growth. Seven days is the typical growth pattern for both alfalfa and mung bean sprouts 
(USDA, 2002).  
 Seed length for the alfalfa sprouts irrigated with municipal water ranged from 
2.50 to 5.95 mm during Day 0 to 7 of production, while the aquaponic treatment ranged 
from 2.50 to 4.73 mm (Table 5). These lengths are comparable to those previously 
reported for alfalfa and mung bean sprouts grown in a greenhouse (Davis, 2016 in 
Chapter 3). As previously reported, alfalfa sprouts transitioned from seeds to sprouts 
between Days 3 to 4 of production and this did not change when sprouts were grown in 
the greenhouse. Differences in seed lengths between the two treatments were observed on 
Day 7 (P-value=0.0364) where the seeds irrigated with municipal water were 
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approximately 26% longer than the seeds irrigated with aquaponic water (5.95 and 4.73 
mm, respectively). There was no significant difference between the seed widths (1.42 to 
1.77 mm) among all days of production (Table 5).  
 Roots began to appear on the traditionally (municipal water) and aquaponically 
treated sprouts on Day 1 but fewer roots were observed among the aquaponic water-
treated seeds (municipal 81% root rate than aquaponics). Throughout production, there 
was no significant difference in root length between the two treatments. By Day 3, when 
the plant became more sprout-like the average root length for the municipal treatment 
was 10.7 mm (N=24) with a range of 4.55 to 23.9 mm, while the aquaponic treatment 
average was 12.1 mm (N=25) with a range of 3.79 to 21.8 mm. When the sprout reached 
full maturity, there was no difference between the root lengths (P-value>0.05). There was 
no difference between the widths of the roots among the different treatments throughout 
production (P-value>0.05). Unlike the greenhouse production system previously 
reported, there were no branched roots observed in both treatments (Table 6) (Davis, 
2016 in Chapter 3).  
 Unlike the greenhouse production system, it was very difficult to determine the 
transition to a distinct stem and root section of the sprouts. A faint color difference (white 
for stem and pale yellow for root) as described by Belabre (2015) was first observed on 
the municipal tap water system on Day 2 (N=6) while aquaponic treated sprouts showed 
sign of stem development on Day 3 (N=20) (Belabre, 2015; Biology Discussion, 2013; 
Preston, 2014). The initial break from the seed was considered the root of the plant; 
however, because the root could not elongate downwards into a soil environment, the 
 
 
103 
 
 
root would bend or curve giving more structure as the stem elongated upwards (Belabre, 
2015; Biology Discussion, 2013).  
Stem length for alfalfa sprouts grown in municipal water ranged from 9.12 to 33.9 
mm during Day 2 to 7 of production, while alfalfa seeds from the aquaponic system 
ranged 11.5 to 36.3 mm for Day 3 (N=5). There was a difference in stem lengths among 
the treatments on Day 5 of production (P-value=0.0214) where the municipal treatment 
was 24% shorter in length at 24.8 mm (N=20), while the stem length for alfalfa sprouts 
grown in aquaponic water was an average of 30.7 mm long (N=20). Previous research in 
the greenhouse showed the stem length in greenhouse production system was shorter than 
the controlled laboratory setting (commercial municipal (22.3 mm) versus traditional 
municipal (33.9 mm) and commercial aquaponic (22.6 mm) versus traditional aquaponic 
(36.3 mm)) (Davis, 2016 In Chapter 3).  
 Typically, two deep green leaves will emerge during the production of alfalfa 
from the white hypocotyl (stalk) of a traditionally grown sprout, taking the place of the 
seed (Belabre, 2015). There are some cases where a plumule (an additional embryonic 
stem with additional leaves) can be seen during development of sprouts; however, this 
was not observed during the present study (Belabre, 2015; Mackean, 2004). The average 
leaf length in the municipal tap water treatment ranged from 4.04 to 6.06 mm of Day 2 to 
7 of production, while the leaf length in the aquaponic system ranged from 4.17 to 5.79 
mm from Day 3 to 7 of production. There was no significant difference between the 
lengths of leaves in both treatments. There was no significant difference among the 
widths of leaves between both treatments.   
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 The whole length of the sprout was measured daily from the length of the seed to 
the mature sprout on the day of harvest. Because the root was curved or bent to support 
the upward growth of the stem, the sprout was carefully pressed to represent the full 
length of the sprout for measurement. The whole lengths of the alfalfa sprouts were 
different on Day 2 (N=25) with the municipal tap water yielding an average length of 
11.5 mm, while the aquaponic system gave an average of 7.92 mm (P-value 0.0015). This 
appears to be related to the development of the stem and leaves on Day 2 for sprouts 
irrigated with municipal water while similar bean parts did not develop on sprouts 
irrigated with aquaponic water until Day 3. However, by Day 7 the whole length of the 
municipal tap water system was 55.5 mm (N=24) and ranged from 1.00 to 87.0 mm, 
while the aquaponic system averaged 58.5 (N=25) and ranged from 41.3 to 76.2 mm 
were not significantly different.   
Mung Bean Sprout Characteristic  
Seed length for mung bean sprouts grown in municipal water ranged from 5.20 to 
7.71 mm during day 0 to 7 of production, while mung bean seeds from the aquaponic 
system showed similar day developmental pattern (5.20 to 8.14 mm for day 0 to 7 
respectively; Table 6). There were no significant differences among the seed length 
averages between Days 0 to 7 where the seed visually showed signs of root expansion by 
Day 1 (Table 6). No differences were observed for sprout seed widths during the growing 
phase.  
 DeEll (2000) states that the development of decay and sliminess of the roots of 
sprouts could be caused by temperature fluctuation. Throughout all replications of this 
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experiment, root growth slowed for the sprouts grown in aquaponic water and signs of 
mold and deterioration were observed. However, temperature fluctuation did not occur 
because sprouts were grown in a controlled environment. Therefore, the mold likely was 
introduced directly with the water source (DeEll, 2000). Development of the root system 
started on Day 1 for sprouts grown in either treatments with municipal water yielding a 
root system of 3.22 mm (N=7) in length and the aquaponic water yielding a root system 
that was 8.04 mm (N=5 in length; P-value=0.0113). There was also a significant 
difference between the two systems among the root lengths from Day 5 to Day 7 
(P<0.05). Municipal water resulted in roots that were 39.3, 51.3 or 57.2 mm long for day 
5, 6, and 7, respectively, and this was longer than the root system in the aquaponic 
treatment (27.2, 38.4, and 38.8 mm). There was only a significant difference between the 
widths of the roots on the day of harvest (Day 7) where the municipal treated sprout was 
0.59 mm (N=25) with a range of 0.21 to 0.94 mm, while the aquaponic treated sprout was 
0.95 mm (N=24) with a range of 0.29 to 2.02 mm (P-value=0.0063).  
Signs of deterioration on the mung bean stems may appear as dark streaks (DeEll, 
2000); however, this was not seen during this experiment. Signs of stems were observed 
in the aquaponic system on Day 3 and ranged from 8.73 (N=1) to 60.5 mm, while the 
first observation of stem growth in the municipal tap water treatment was Day 4 (N=8) 
and ranged from 14.8 to 77.7 mm. There was a significant difference between the stem 
lengths on Day 5 and Day 7. On Day 5, sprouts grown in the municipal tap water 
treatment had an average stem length of 24.8 mm (N=20) with a range of 10.8 to 35.9 
mm, while sprouts grown in the aquaponic irrigation had an average stem length of 19.9 
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(N=20) with a range of 9.95 to 37.9 mm (P-value=0.0445). By Day 7, sprouts grown in 
the municipal tap water treatment had a stem length average 77.7 mm (N=25) with a 
range of 45.5 to 111.7 mm, while the aquaponic treatment had a stem length average of 
60.5 mm (N=19) with a range of 17.3 to 104.4 mm (P-value=0.0064). There was a 
significant difference between the widths of the stems between each treatment for mung 
bean sprouts on Day 6 (P-value=0.0371) where the municipal tap treatment was 1.85 mm 
and the aquaponic treatment of 1.71 mm. This did not correlate significant with the stem 
length on that day (Day 6) where the lengths were not significantly different (Table 6).   
The first sign of leaf formation was observed on Day 4 on sprouts grown in the 
municipal tap water treatment (N=4), while observation of leaf formation in the 
aquaponic system occurred on Day 5 (N=3). By Day 6, there was a significant difference 
between leaf lengths of the two treatments (P-value=0.0321). The municipal tap 
treatment (N=13) had an average leaf length of 14.3 mm with a range of 9.8 to 19.8 mm 
versus the aquaponic treatment (N=18) with an average length of 11.6 mm with a range 
of 3.64 to 17.3 mm. There was no significant difference in leaf widths between both 
systems. Overall by Day 7, there was no significant difference between leaf 
developments in the two treatments.  
Municipal water resulted in whole sprout lengths that were 61.1, 94.9 or 136.5 
mm long for day 5, 6, and 7, respectively, and this was longer than the whole length in 
the aquaponic treatment (44.1, 75.0 and 99.8 mm). There was only a significant 
difference between the two systems on the last 3 days of production. After observation in 
a controlled environment for the production of alfalfa and mung bean sprouts, there were 
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differences between the two irrigation sources. Unlike the production in the greenhouse 
experiment, the mung bean sprouts grown with aquaponic water did not surpass those 
that were grown in the municipal water.  
Color Analysis of Sprouts 
Due to the size of the leaves and the stems on the alfalfa sprouts, color analyses 
could not be performed. The stems of municipal treated and aquaponically treated mung 
bean sprouts could not be read on the spectrocolorimeter; however, the chlorophyll 
values of the bean and the leaves of the sprout could be observed. In Table 7, the leaves 
on the aquaponically grown mung bean sprout had a lower L* value (53.5 versus 55.2), 
lower a* value (-8.04 versus -8.24), and lower b* value (13.7 versus 15.2) than the mung 
bean sprout leaves that were traditionally grown in municipal tap water. There was no 
difference in the L* a* b* values in the leaves of the sprouts. The stems on the 
aquaponically grown mung bean sprout had slightly higher L* value (60.3 versus 60.0), 
higher a* value (-2.45 versus -0.58), and lower b* value (12.3 versus 15.2) than the mung 
bean sprout stems in the municipal tap water. The negative a* value in the bean portion 
of the aquaponically grown mung bean sprout indicate that the color of the bean had a 
stronger green value than the bean on the municipal tap water sprouts. The wavelengths 
for chlorophyll a and b were observed between the two treated sprouts and there was no 
difference between the values. Therefore, the only difference that might be visually seen 
is the color of the bean on the aquaponically mung bean sprout versus the municipal tap 
water.  
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CONCLUSIONS 
 The aquaponic and tap treated sprouts were found to be different in most of the 
physical parameters observed (seed length, root length, root width, branched roots, stem 
length and whole length). Because this experiment was kept where most environmental 
factors were controlled, the differences had to have been based solely on the water 
irrigational source. The mung bean sprouts that were grown in the laboratory were not as 
successfully grown as the mung bean sprout produced in the greenhouse environment 
(Davis, 2016 in Chapter 3). The alfalfa sprouts in the laboratory had an overall longer 
stem length development than the alfalfa sprouts grown in the greenhouse experiment 
(Davis, 2016 in Chapter 3). There was no difference in whole length of the alfalfa sprout 
when harvested; however, there was a significant difference between the mung bean 
sprouts (P-value=0.0002). This indicated that some crops may not be as successful in the 
production with aquaponic irrigation.  
Color analyses of the alfalfa sprouts could not be measured due to the size of the 
stem and leaves, however; the mung beans were analyzed and compared for statistical 
analysis. The aquaponically grown sprouts had a stronger a* value in the bean (stem) 
portion of the plant indicating that there was a prominent green color present. However, 
while observing the wavelengths for chlorophyll a and b, there were no significant 
differences. The human eye could probably observe the difference between the sprouts 
because the unit between the objective data is greater than three (Birwal, 2015).  
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Figure 11 Flow Diagram of Growing Method  
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1Means + standard error of means  
2 “A” refers to Aquaponic production system, while “T” refers to a traditional soil-less system with municipal tap water.  
3 Length of seeds, roots, stems, and leaves were measure daily on five randomly selected samples from to tip to base.  
4 Width of the seeds, roots, stems and leaves were measured daily on five randomly selected samples at the mid-point.  
5’NA’ refers to ‘not applicable’ and is used when growth parameters could not be determined. 
Table 7: Effect of traditional (Laboratory) production time (days) and production system on Alfalfa sprout seed, root, stem, and leaf growth1  
Time 
(Days) 
Production 
System2 
Seed 
Length 
(mm) 
Seed 
Width 
(mm) 
Root 
Length 
(mm) 
Root 
Width 
(mm) 
Number of 
Branched 
Roots 
Stem 
Length 
(mm) 
Stem 
Width4 
(mm) 
Leaf 
Length3 
(mm) 
Leaf 
Width4 
(mm) 
Whole 
Length3 
0 
A 2.50+ 0.06 1.42 + 0.04 NA NA NA NA NA NA NA 2.50 + 0.06 
T 2.50+ 0.06 1.42 + 0.04 NA NA NA NA NA NA NA 2.50 + 0.06 
Probability Value (P) 0.9921 1.000 NA NA NA NA NA NA NA 0.9921 
1 
A 3.36+ 0.08 1.82+ 0.07 1.65,+ 0.35 0.62+ 0.07 NA NA NA NA NA 3.36+ 0.08 
T 3.55 + 0.11 1.80 + 0.08 3.66+ 0.44 0.74+ 0.07 NA NA NA NA NA 3.73+ 0.18 
Probability Value (P) 0.1773 0.8097 0.0908 0.4822 NA NA NA NA NA 0.0671 
2 
A 3.88+ 0.11 1.73+ 0.07 8.30+ 0.46 0.91+ 0.07 NA NA NA NA NA 7.92+ 0.60 
T 4.07+ 0.15 1.56 + 0.08 9.33+ 0.96 0.79 +0.05 NA 9.12+ 0.45 0.72 + 0.05 4.04 + 0.17 1.54+ 0.17 11.5+ 0.87 
Probability Value (P) 0.3035 0.1036 0.3586 0.1507 NA NA NA NA NA 0.0015 
3 
A 3.77+ 0.12 1.74+ 0.09 12.1+ 0.85 0.60+ 0.04 NA 11.5+ 1.05 0.78+ 0.05 4.17+ 0.14 1.73+ 0.09 20.5+ 1.29 
T 4.05+ 0.16 1.72+ 0.17 10.7+ 1.02 0.64+ 0.06 NA 11.5+ 1.11 0.77 + 0.04 4.14+ 0.20 1.76+ 0.12 19.7+ 1.69 
Probability Value (P) 0.1752 0.9142 0.2969 0.6029 NA 0.9851 0.9640 0.9314 0.8230 0.7160 
4 
A 4.57+ 0.41 1.77+ 0.10 12.2+ 1.61 0.48+ 0.04 NA 22.6+ 1.76 0.69+ 0.04 4.84+ 0.27 1.86+ 0.14 35.8+ 2.66 
T 4.56+ 0.25 1.48 + 0.17 14.3+1.88 0.58+ 0.08 NA 16.1+ 1.85 0.79+ 0.06 4.31+ 0.20 1.60+ 0.12 31.2+ 1.94 
Probability Value (P) 0.9783 0.0558 0.1529 0.2923 NA 0.0018 0.1652 0.1708 0.1768 0.0778 
5 
A 4.52+ 0.31 1.64+ 0.11 18.0+ 1.68 0.42+ 0.04 NA 30.7+ 1.38 0.54+ 0.04 5.15+ 0.28 1.72 + 0.12 51.0+ 1.68 
T 4.37+ 0.28 1.60+ 0.07 18.0+ 2.29 0.47+ 0.06 NA 24.8+ 2.05 0.48+ 0.04 5.08+ 0.32 1.86+ 0.08 44.6+ 3.17 
Probability Value (P) 0.7291 0.7916 0.9987 0.5483 NA 0.0214 0.2741 0.8756 0.3736 0.0807 
6 
A 4.76+ 0.28 1.76+ 0.10 21.8+ 1.93 0.53+ 0.03 NA 30.8+ 1.37 0.59+ 0.03 5.81+ 0.34 2.09+0.15 55.2+ 2.00 
T 4.97+ 0.46 1.93+ 0.17 18.8+ 1.95 0.50+ 0.04 NA 29.1+ 1.95 0.59+ 0.02 5.16+ 0.32 1.92+ 0.12 49.5+ 2.37 
Probability Value (P) 0.6872 0.3540 0.2773 0.5205 NA 0.4673 0.9459 0.1782 0.3931 0.0711 
7 
A 4.73+ 0.40 1.78+ 0.09 20.2+ 1.76 0.45+ 0.04 NA 36.3+ 2.01 0.56+ 0.01 5.79+ 0.54 2.13+ 0.19 58.5+ 1.66 
T 5.95+ 0.35 1.77+ 0.13 20.0+ 2.41 0.37+ 0.03 NA 33.9+ 1.22 0.60+ 0.03 5.95+ 0.43 2.48+ 0.16 57.3+ 2.09 
Probability Value (P) 0.0364 0.9511 0.9450 0.1581 NA 0.3239 0.1892 0.8121 0.1617 0.6489 
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Table 8:  Effect of traditional (Laboratory) production time (days) and production system on Mung Bean sprout seed, root, stem, and 
leaf growth1 
Time 
(Days) 
Production 
System 
Seed 
Length 
(mm) 
Seed 
Width 
(mm) 
Root 
Length 
(mm) 
Root 
Width 
(mm) 
Number 
of 
Branched 
Roots 
Stem 
Length 
(mm) 
Stem 
Width 
(mm) 
Leaf 
Length 
(mm) 
Leaf 
Width 
(mm) 
Whole 
Length 
0 
A 5.20+ 0.08 3.94+ 0.03 NA NA NA NA NA NA NA 5.20+ 0.08 
T 5.20+ 0.08 3.94+ 0.03 NA NA NA NA NA NA NA 5.20+ 0.08 
Probability Value (P) 0.6414 0.9107 NA NA NA NA NA NA NA 0.6414 
1 
A 6.23+ 0.26 4.25+ 0.08 8.04+ 1.72 1.06 + 0.15 NA NA NA NA NA 6.37+ 0.32 
T 6.56+0.20 4.49+0.10 3.22+ 0.52 1.02 + 0.08 NA NA NA NA NA 6.56+ 0.20 
Probability Value (P) 0.3165 0.0637 0.0113 0.8033 NA NA NA NA NA 0.6187 
2 
A 7.30+ 0.14 4.73+ 0.10 8.33+ 1.16 1.09+ 0.07 NA NA NA NA NA 7.85+ 0.51 
T 7.10+ 0.16 4.72+ 0.12 8.73+ 0.86 1.15+0.07 NA NA NA NA NA 8.87+ 0.65 
Probability Value (P) 0.3566 0.8994 0.7804 0.5920 NA NA NA NA NA 0.2206 
3 
A 7.49+ 0.18 4.85+ 0.12 14.2+ 1.59 1.28+ 0.08 NA 8.73+ 0.00 1.73 + 0.00 NA NA 12.5+ 1.36 
T 7.77+ 0.18 5.03+ 0.11 15.9+1.21 1.32+ 0.07 NA NA NA NA NA 16.1 + 1.28 
Probability Value (P) 0.2781 0.2560 0.3927 0.6738 NA NA NA NA NA 0.0584 
4 
A 7.62+ 0.19 4.53+ 0.25 18.9+ 1.65 1.08+ 0.08 NA 13.5+ 1.41 1.85+ 0.12 NA NA 24.7+ 2.23 
T 7.37+0.18 5.03+ 0.13 20.6+2.66 0.92+ 0.09 NA 14.8+ 2.07 1.92+ 0.13 7.22+ 0.88 2.08+ 0.81 27.4+ 3.03 
Probability Value (P) 0.3427 0.0972 0.5866 0.1973 NA 0.6050 0.7172 NA NA 0.4877 
5 
A 7.21+ 0.34 4.68+ 0.16 27.2+ 2.21 0.69+ 0.04 NA 19.9+ 1.76 1.86+ 0.05 8.18+ 1.34 2.00+ 0.34 44.1+ 3.16 
T 8.65+ 0.31 4.39+ 0.28 39.3+ 3.08 0.73+ 0.06 2.00 + 1.00 24.8+ 1.61 1.92+ 0.08 10.9+ 1.97 1.97+ 0.26 61.1+ 3.54 
Probability Value (P) 0.0037 0.4180 0.0028 0.5780 NA 0.0445 0.5546 0.4065 0.9540 0.0010 
6 
A 7.64+ 0.19 4.65+ 0.13 38.4+ 3.64 0.74+ 0.05 4.00 + 0.58 40.2+ 3.65 1.71+ 0.05 11.6+ 0.83 3.19+0.82 75.0+ 7.34 
T 7.76+ 0.26 4.60+ 0.34 51.3+ 3.54 0.67+ 0.05 3.00+ 0.78 42.6+1.84 1.85+ 0.04 14.3+ 0.80 2.45+ 0.08 94.9+ 4.17 
Probability Value (P) 0.6910 0.8975 0.0146 0.3283 0.3462 0.5655 0.0371 0.0321 0.4646 0.0241 
7 
A 8.14+ 0.51 4.64+ 0.13 38.8+ 3.72 0.95+ 0.12 4.00 + 0.48 60.5+ 5.15 1.63+ 0.09 15.3+ 1.06 8.29+ 4.94 99.8+ 7.26 
T 7.71+ 0.15 4.41+ 0.12 57.2+ 3.31 0.59+ 0.04 7.00 + 0.62 77.7+ 3.48 1.57+ 0.05 17.9+ 0.88 3.56+ 0.22 136.5+ 7.76 
Probability Value (P) 0.4510 0.2063 0.0006 0.0063 0.0260 0.0064 0.5663 0.0587 0.3030 0.0002 
1Means + standard error of means. 
2 “A” refers to Aquaponic production system, while “T” refers to a traditional soil-less system with municipal tap water. 
3 Length of seeds, roots, stems and leaves were measured daily on five randomly selected samples from tip to base.  
4 Width of seeds, roots, stems and leaves were measured daily on five randomly selected samples at the mid-point. 
5 ‘NA’ refers to ‘not applicable’ and is used when growth parameters could not be determined. NS’ refers to ‘not significant’ 
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Table 9:  Effect of traditional production system on colorimetric data of mung bean sprouts  
Production System Aquaponic  Municipal Tap Probability 
Value (P) 
between 
systems 
 
Stem Leaf Stem Leaf 
L* 60.3 + 0.85 53.5 + 0.52 60.0 + 1.10 55.2 + 0.79 0.4002 
a* -2.45 + 0.35 -8.04 + 0.18 -0.58 + 0.37 -8.24 + 0.26 <0.0111 
b* 12.3 + 0.71 13.7 + 0.86 11.1 + 0.81 15.2 + 1.16 0.8541 
1 Means + standard error of means 
2 N=55 
3 L* shows lightness where “0” is black and “100” is white; a* indicates green/red where negative values 
means green and positive values means red; b* indicates blue/yellow where negative values means blue 
and positive values mean yellow. 
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CHAPTER FIVE 
EVALUATION OF MUNICIPAL TAP AND AQUAPONIC WATER 
TREATMENTS  
 
ABSTRACT 
 Water quality is a continuing issue this society faces and with climate change 
comes the more prevalent drought factor that will threaten food production around the 
world (Smith, 2010). The practice of soilless agriculture is becoming increasingly 
popular especially if it is sustainable where the recirculation of the system reduces the 
waste of water (Roberto, 1994). Aquaponic systems can be successful to a variety of 
plants and the success of the plant’s growth highly depends on the availability of the 
water source to the root system (Roberto, 1994). Monitoring of the aquaponic system in 
terms of water quality, is also essential for the success of crop production (Goddek, 2015, 
USGS, 2016).  
Throughout the study, the quality of water sources was determined by weekly 
measurements of dissolved oxygen, pH, oxidation-reduction potential, chemical oxygen 
demand, electrical conductivity, ammonia phosphate, nitrogen, total solids, total 
suspended solids, and absorbance. The color of the water (C.I.E L*, a*, b*) was 
measured on both the aquaponic and municipal tap water and compared. Both the water 
chemistry parameters and b* values between the two system were found to be different.  
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INTRODUCTION 
More than 70 percent of the earth is covered in water; however, only 2.5 percent 
of that is fresh water (University of Michigan, 2006). There is less than one percent of the 
earth’s water that is accessible for humans including water that is captured and acidified 
by the plants (University of Michigan, 2006; Bernstein, 2011). In 2009, the United 
Nation’s Secretary-General Asha-Rose Migiro issued a warning that the world’s 
population would face a lack of water in less than twenty years if trends continued as a 
result of climate change, population growth, rural-to-urban migration, and increased 
consumption of resources (Bernstein, 2011 and UN News Center, 2009). In the United 
States, individual use approximately 80 percent of overall water resources for agriculture 
of which, 90 percent is used in the western states alone (USDA, 2004). It is projected that 
by 2025, the world will be using 70 percent of the water supply and usage will not be 
evenly distributed (Friedman, 2009).  
Freshwater supplies are typically generated by three different ways: rainfall, 
surface water such as lakes and streams, and groundwater aquifers (Worm, 2004). All 
three of these sources are significantly decreasing due to the overhanging issue of climate 
change, overuse of water, and the overwhelming increasing population (Worm, 2004). 
Fresh ground water will become a suitable option if resources become limited, in fact, 40 
percent of the U.S. water supply already comes from underground (Worm, 2004). The 
most well known underground source is the Ogallala Aquifer that essentially spans 800 
miles (650 km) among the western states and is primarily used for agricultural purposes 
(Worm, 2004). One of the concerns with underground irrigation is that it can potentially 
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become polluted during production of agriculture crops (Worm, 2004). The National 
Water Quality Inventory (2000) states that the agricultural nonpoint source (NPS) 
pollution, which means it comes from several sources, is the leading cause of water 
quality impact on the rivers and lakes surveyed (NWQI, 2000). About 40 percent of the 
streams, estuaries, and streams in the U.S. are reported as being presently not “clean” 
enough as indicated in the U.S. Clean Water Act of 1972 (Schulze, 2005). Agricultural 
nonpoint source (NPS) pollutions is also the important factor to the contamination of 
many wetlands and ground water surveyed. The US Environmental Protection Agency 
(2005) states that the cause of this contamination comes from poorly managed animal 
feeding operations, location of feeding area, improper and overuse of pesticides, and 
fertilizer.  
Not only is water quality a continuing issue that society faces, but climate change 
is also a factor that threatens food production around the world (Smith, 2010). Climate 
change will significantly impact the current agriculture system by increasing water 
demand and reducing water availability in areas that need water the most, both of which 
will reduce crop productivity. While agricultural practices will be directly influenced by 
climate change, it is also the leading contributor to climate change (Turral, 2011).  
Carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) are common agricultural 
by-products. Carbon dioxide is commonly released by the fossil fuels, nitrous oxide is 
produced from chemical-based fertilizers, and methane is directly correlated with 
livestock operations (Smith, 2010).  
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The practice of soil-less agriculture has become a gradual transition due to the 
lack of knowledge or hesitance of transitioning to a new practice (Goddek, 2015 and 
Roberto, 1994). The success of both aquaponics and hydroponics is highly depended 
upon the development of a healthy root system of the plant. Regardless of the type of 
plant or the physical size, the roots serve 3 essential functions: (1) uptake of water and 
nutrients; (2) storage for manufactured materials; (3) and providing support for the plant 
that extends above ground. Absorption of water to the plant takes place at the tip of the 
root by “root hairs”, which are delicate branch off roots that usually shrivel as the main 
root continues to grow (Roberto, 1994). 
Diffusion, the method of water and nutrient absorption, allows for water and 
oxygen to pass through the plants membrane cell walls. The nutritional elements are 
passed through by electrical exchange. Only true chemical elements may be passed 
through the cell membranes, which means that the plant cannot absorb organic material 
that is not broken down (Goddek, 2015). Often there is controversy by means of calling 
commercial hydroponic systems natural organic systems because the nutrients fed to the 
system are not natural or organic (Bernstein, 2011; Goddek, 2015; Roberto, 1994). 
However, an aquaponic system provides true elements from the feed that is broken down 
and excreted by the fish (Roberto, 1994).  
Many factors can occur that can cause stress during the growing process of the 
plant. One factor, oxygen, is absorbed by the roots and then utilized for the growth of the 
plant; the roots then give off carbon dioxide generated from respiration. Asphyxiation is 
the result of the lack of oxygen to the root system, which can damage both the root 
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system, and the above surface areas of the plant (Roberto, 1994). This is often referred to 
as root rot. Once root rot occurs, the plant will often die. Oxygenation to the root area is 
the major factor that determines plants growth potential (Roberto, 1994).  
Water quality is defined as the suitability of water based on physical, chemical, 
and biological characteristics (Perlman, 2016). Water-quality properties include: color, 
dissolved oxygen, electrical conductivity, hardness, pH, suspended sediment, and 
turbidity (Perlman, 2016). Color of water in natural environment comes from suspended 
material, often algae and suspended sediment particles (USGS, 2016). Water that appears 
blue usually means that there is a low buildup of dissolved material. Decaying plant 
matter appear as yellow to a brownish tint in the water. Water that contains high amounts 
of phytoplankton and other types of algae will often appear green. High amounts of algae 
can be detrimental to both aquatic life and plants by blocking out light and consuming the 
dissolved oxygen in the water body. This causes eutrophic conditions, which drastically 
reduces all life in the body of water (USGS, 2016).  
Dissolved oxygen (DO) often determines the amount of oxygen dissolved in the 
water and is a major factor in terms of water quality (Fondriest, 2013; Perlman, 2016). If 
the oxygen level drops below normal levels in water bodies, then water quality has been 
compromised and both aquatic life and plants will begin to die off. This process is known 
as eutrophication (Mesner, 2015). Approximately, ten molecules of oxygen per million of 
water is what are dissolved in natural water environments (USGS, 2016). For fish tanks 
used for aquaponic systems, the oxygen level should reach above 6 mg/L. Fish will show 
signs of stress with a DO at 3 mg/L and will begin to die off at 2 mg/L or below 
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(Fondriest, 2013). The more oxygen present in the water-environment will benefit both 
aquatic life and the roots of the plants. The amount of oxygen present in water depends 
on other factors such as temperature, where cooler water holds more oxygen than warmer 
water (Bernstein, 2011; Perlman, 2016). Water contains large amounts of solutes and 
ions, which makes it an efficient conductor of electricity (USGS, 2016). The pH of a 
water system is critical in creating a sustainable life for organisms as well as indicating 
pollution or environmental factors that might affect the system. The pH of water 
determines the solubility and biological availability of chemical constituents such as 
phosphorus, nitrogen, and carbon and metals such as lead, copper, and cadmium (USGS, 
2016).  
Quality of agriculture water is one of the key requirements under the Food and 
Drug Administration’s Food Safety and Modernization Act’s Produce Safety Rule. This 
final rule approaches water quality with two sets of microbiological criteria, which is 
based on the presence of generic E. coli indicating fecal contamination. The Produce 
Safety Rule requires farmers to establish a baseline for E.coli by testing water to generate 
a ‘Microbial Water Quality Profile’. Then, farmers will be required to meet two sets of 
standards for water directly applied to produce. The first set of criteria requires no 
detectable generic E. coli present in agricultural water that may come in contact with 
fresh produce. The second set of criteria is numerical and is applied to produce (other 
than sprouts). The criteria are based on two values including a geometric mean (GM) and 
statistical threshold (STV). The GM of samples must be 126 or less CFU of generic E. 
coli per 100 mL of water and STV value of samples is 410 CFU or less of generic E. coli 
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in 100 mL of water. If the water does not meet the criteria, corrective actions are required 
which include but are not limited to: allowing time for potentially dangerous microbes to 
die off before harvest, treating the water or applying appropriate antimicrobials or a ‘kill’ 
step during processing. There is no requirement for agricultural water testing that is 
received from a public water system. Very little information has been published on the 
water quality of agriculture water used to grow sprouts. Most of these studies have 
focused on the microbiological quality of the agriculture water and not on its chemical 
composition for optimal product (Baker, 2016; Kim). Thus, the goal of this experiment 
was to conduct water quality analysis during the production of alfalfa and mung bean 
sprouts.  
MATERIALS AND METHODS 
Water Collection 
  The samples for water analysis were collected once a week over a course of 10 
weeks from the greenhouse aquaponic system and transported to the lab using three one 
liter bottles and one 500 mL bottle. This was to ensure that there were enough samples 
for testing. Tap water was collected from the sink or tap water pump the day of testing 
with no particular method of collection. The samples reflected what was being used for 
each treatment.  
pH and Turbidity (ORP) 
Water analyses began by pouring aquaponics and tap water in four separate 250 
mL beakers where pH of each sample was measured directly using two individual 
Accumet, model 10 pH meters and where the values were averaged. Using the same 
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samples, a turbidity reading was conducted using the Accumet system but with the ORP 
meter, which was standardized to 600 mV (millivolts).  
Total Solids and Total Suspended Solids  
 For total solids, well-mixed samples were transferred to four separate porcelain 
crucibles with a 100 mL or more capacity. The samples were dried in a mechanical 
convection oven set to 100°C for 24 hours.  Weights of the crucibles were recorded 
before the liquid, with the liquid, and after the 24-hour drying process. The crucibles 
were placed into a desiccator using dish tongs and allowed to cool after the drying 
process and before the weight was recorded. The samples’ initial volume of 100 mL was 
selected to yield solids between 2.5 and 200 mg. Total suspended solids were determined 
by using a vacuum filter flask along with preweighed glass fiber filters. The vacuum 
aspirator valve was opened and the glass fiber filter was washed three consecutive times 
with distilled water allowing 10-15 seconds between each rinse. The well-mixed samples 
of aquaponics and tap water were poured into the filtration apparatus while the connected 
vacuum aspirator was operating allowing the filter to be soaked with any potential solids. 
After 200 mL of the aquaponic water and 500 mL of the tap water was filtered through 
each designated filter, the filters were then transferred using lab dish tongs to a 
preweighed aluminum disk and was then transferred to the mechanical convection oven 
and dried at 103°C for one hour before removal. The filters from the designated 
treatments were cooled in the desiccator and reweighed. The increase in weight from the 
preweighed filter represents the total suspended solids (TSS).  
To determine total solids in mg/L the following formula was used:  
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(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑠𝑜𝑙𝑖𝑑𝑠 𝑎𝑓𝑡𝑒𝑟 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛) − (𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑎𝑙𝑜𝑛𝑒)
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒
𝑥100  
 
To determine total suspended solids in mg/L the following formula was used:  
For Aquaponics Water (Example): 
Volume of sample= 200 mL 
Filter weight= 1.6329 g 
Filter plus dry solids=1.6531 g  
(𝐹𝑖𝑙𝑡𝑒𝑟 + 𝐷𝑟𝑦 𝑆𝑜𝑙𝑖𝑑𝑠 𝑊𝑒𝑖𝑔ℎ𝑡) − (𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐹𝑖𝑙𝑡𝑒𝑟 𝑃𝑎𝑝𝑒𝑟)
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒
𝑥1000 𝑚𝐿/𝐿 
Micronutrients 
A DR/2400 Spectrophotometer was used to determine the phosphorous, ammonia, and 
COD levels in the sample. Test ‘n Tube reactor vacuuvile tubes were used to test reactive 
phosphate in the 0-5 mg/L PO4, Low range ammonia 0-2.5 mg/L N, and low range COD 
at 3-150 mg/L range. Each test had a specific method to follow.  
Phosphate Test: 
The reactive phosphorus Test ‘N Tube dilution vial was capped and mixed with 5 
milliliters of sample (aquaponic or tap water), and wiped clean to remove any 
fingerprints. A funnel was used to add the PhosVer 3 Phosphate powder pillow to the 
vials containing the sample and the blank. Both the blank and the sample were capped 
and shaken for 10-15 seconds until the powder disappeared. A two-minute reaction was 
allowed before the vials were placed in the Hach adapter for a reading.  
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Nitrogen, Ammonia Test: 
The Test ‘N Tube vaccuvials method was demonstrated in the portable DR/2400 
spectrophotometer handbook. Two milliliters of sample were transferred via pipette to the 
AmVerTM tube for low range ammonia nitrogen and compared to a prepared blank with 
distilled water. Both tubes received ammonia salicylate reagent powder pillows along 
with an ammonia cyanurate reagent powder pillow. Both vials were capped and shaken to 
dissolve the powders. After a 20-minute reaction period, the vials were placed into the 
adapter and the samples were read. This was done to both aquaponics and tap water 
samples in true duplicate.   
COD Test: 
The Test ‘N Tube method was demonstrated in the portable DR/2400 spectrophotometer 
handbook. Three milliliters of sample was transferred via pipette to a low range vial. The 
outside of the tube was wiped clean and placed in the adapter where the samples were 
measured. This was done to both aquaponics and tap water samples in true duplicate.  
Statistics  
The experimental design was a 2x2 fractional design with type of sprout (alfalfa 
or mung bean sprout) and sources of water (municipal tap water or aquaponic water) as 
the treatments. Five replications of the experiment were conducted with 4 growing pans 
per treatment in each replication. The main effects of the model were type of sprout, 
source of irrigation water and replication. The SAS model tested for statistical 
significance (P<0.05) using residual error. The Least Square Means were used to test the 
significance level of 0.05 
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RESULTS AND DISCUSSION 
Water Chemistry Analysis of Commercial Systems 
 Previous studies suggest that continuous maintenance and monitoring of an 
aquaponic system is crucial for crop production (Bernstein, 2102; Buzby 2014; Zhang, 
2011). With these findings, water analysis was conducted once a week for each water 
irrigation source (Table 10). There was no significant difference between the replications 
and thus replication was used as part of the error term in the statistical model. For 
chemical oxygen demand there were no readings from the aquaponic water while the tap 
water average was 12.6 mg/L with a range of 1.00 to 38.00 mg/L.  
The average pH value for the aquaponic irrigation source was 6.53 versus 7.04 for 
the tap water source (P-value=0.0004). Various species of fish can tolerate a wide range 
of pH (Arimoro, 2006; Lemarie et al., 2004). One study claimed that the optimal pH for 
aquaponics should be 7.5-8.0; however, there was no evidence to support this in regards 
to the plant yield (Tyson et al., 2008). Zou et al. (2016) conducted a study observing the 
optimal pH level in an aquaponic system for a higher plant yield, which was a pH of 6.0, 
which led to higher Nitrogen Utilization Efficiency (NUE). The nitrogen average in the 
aquaponic system was 0.465 mg/L, which was higher than levels previously reported for 
nitrogen (<0.2 mg/L) in aquaponic system that had a pH less than 6.0 (Zou et al. 2016).  
The average oxidation-reduction potential (ORP) was 336.6 mV, while the tap 
water system was 418.1 mV (P-value=0.0033). The ORP values correspond to the 
biochemical reactions in the water system. Normal tap water has an ORP of +250 to +400 
mV meaning the potential to reduce oxidation is nonexistent (Best Water, 2016). The 
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average reading of ORP from the water source far exceeds this interval. For nitrification 
in the system, the ORP will indicate this by having a value between +100 to +350 mV. 
For BOD degradation with free molecular oxygen, the reading would be between +50 to 
+250 mV (YSI Environmental, 2008). In the present study the aquaponic water was well 
within the interval indicating that these biochemical reactions were occurring (Table 10).  
The average total solids measurement was 1088 mg/L while it was 54.4 mg/L in 
the tap water system (P-value<0.0001). Total suspended solids were 68.5 mg/L in the 
aquaponic system with a range of 40.0 to 105.0 mg/L while the municipal tap water 
system was 2.0 mg/L with a range of 1.0 to 3.0 mg/L. The two systems were significantly 
different between total suspended solids as expected because of the presence of fish in the 
aquaponic system (P-value=0.0015).The average reading for a 450-665 nm absorbance 
(reading chlorophyll and debris such as algae) for the aquaponic system was 0.195 nm, 
while the absorbance level was 0.003 nm in the tap water system (P-value<0.0001). 
 Electrical Conductivity was 990.3 μS/cm, which is higher than what was reported 
by Lennard (2006) who evaluated water quality among a variety of aquaponic systems 
(857.0 μS/cm). The electrical conductivity of an aquaponic system is higher when there is 
a higher nutrient load in the system (Lennard, 2012). The EC in the aquaponic was not 
significantly different from the electrical conductivity for the tap water system, which 
was 983.8 μS/cm; however; compared to drinking water, these values are greater 
(drinking water is 100 μS/cm) (CANNA, 2016).  
The average value of dissolved oxygen (DO) observed in the aquaponic system 
was 5.87 mg/L, which is greater than the minimum requirement of 5.0 mg/L for 
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maintaining to aquatic life (Fondriest, 2016). Typically in environments where fish and 
plants co-exist, the DO level range is between 5-8mg/L (Fondriest, 2016). Both the 
municipal tap (DO of 7.64 mg/L) and aquaponic water were well within the interval of 
this parameter (Fondriest, 2016). However, the DO level between the two systems were 
significantly different from each other (P-value<0.001). The aquaponic DO level was 
consistent, by never exceeding 6.0 mg/L while the tap water system stayed close to 7.4 
mg/L. The higher value may be a result to having an air pump in such a close area where 
production was taking place versus a larger scale operation such as the aquaponic system.  
Water Chemistry Analysis of Controlled Systems  
Continuous evaluation of the water irrigation sources were analyzed and listed in 
Table 11. The average Chemical Oxygen Demand (COD) for the aquaponic water source 
had an average of 150 mg/L while the municipal tap water source of 53.3 mg/L. The 
measure of total quantity of oxygen required to oxidize organic matter was greater in the 
aquaponic system than the municipal tap water. Boyd (1973) analyzed several natural 
ponds and reported the range of COD to be 7.4 to 138 mg/L. The higher the COD value, 
the higher amounts of oxygen utilization from plankton and algae (Boyd, 1973). There 
was only one replication that generated this COD value (150 mg/L; N=2), and it was not 
significantly different than the municipal tap water system (N=6). 
 One of the most important parameters in regards to monitoring the system is pH, 
which had an average of 5.69 in the greenhouse aquaponic system and 7.36 in the 
municipal tap water system. Analysis of water for pH was taken near the filter to best 
represent the recirculating process. While fish prefer and will start out with a neutral pH, 
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the addition of plants and the establishment of the nitrogen cycle will typically lower the 
pH in the system (Bernstein, 2014). The nitrogen average was reported to be 1.93 mg/L 
from the aquaponic source with a range of 0.41 to 2.65 mg/L (N=10), while the municipal 
tap water source had an average of 0.01 mg/L (N=4) with a range of 0.00 mg/L to 0.01 
mg/L. The amounts of nitrogen in the two systems were significantly different (P-
value=0.0006).  
The average phosphate level was 4.36 mg/L with a range of 2.97 to 5.00 mg/L 
from the aquaponic source while the municipal tap water source had an average of 0.26 
mg/L with a range of 0.11 to 0.39 mg/L. The two sources of phosphate were significantly 
different (P-value<0.0001). Phosphate levels depend on the size of the system and the 
amount of crops in the growing bed; however, desired levels stated by Larry (2014), 
should be between 10 to 20 mg/L. However, according to the FAO (2016), tolerances of 
ammonia: phosphate ratio is  <30 mg/L for plants and <3 mg/L for warm water fish 
respectively (Tilapia).  
The oxidation-reduction potential (ORP) in the aquaponic system was 366.2 mV 
with a range of 295 to 495 mV while the municipal tap water system average was 359.9 
mV with a range of 328 to 426 mV. The average ORP reading for biochemical reactions 
was above the standard range of +100 to +350 mV for a nitrogen cycling system (YSI 
Environmental, 2008).  
The total solids average in the aquaponic system was 2830.40 mg/L with a range 
of 490.0 to 19660 mg/L while the average total solids from the municipal tap water 
source was 51.4 with a range of 20 to 90 mg/L were not significantly different. 
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Throughout the study, total suspended solids could not be calculated from the tap water 
source; and therefore, the two types of water could not be compared for TS. The total 
suspended solids for the aquaponic water source was 71.5 mg/L with a range of 60.0 to 
85.0 mg/L. There were visually suspended solids in the aquaponic water (sediment and 
green algae) compared to the clear municipal tap water source. The 450 and 665 nm 
absorbance for chlorophyll for the aquaponic water source was 0.26 nm while the average 
for the municipal tap water source was 0.05 nm and was significantly different (P-
value<0.0001).  
The electrical conductivity (EC) for the aquaponic water source was in the 
greenhouse was 906.2 μS/cm. With a fully stocked growing bed, the system usually runs 
above 1000 μS/cm, which indicates that the system is capable of high nutrient load. The 
range from this system did have a maximum of 1025 μS/cm and a minimum of 863 
μS/cm. The average EC for the municipal tap water source was 900.6 μS/cm (N=8), 
which is very high for tap water (previously reported to be 100-800 μS/cm). The two 
water sources were not significantly different.  
The dissolved oxygen of the aquaponic water was 5.88 mg/L with a range of 5.70 
to 6.00 mg/L, while the tap water source had a reading of 7.56 mg/L with a range of 7.00 
to 8.40 mg/L. The two sources were significantly different (P-value<0.0001). The 
average and range of the aquaponic system was well within the range of 5-8 mg/L where 
fish and plants co-exist (Fondriest, 2016).  
Color Analysis  
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Watercolor varied between the aquaponic and municipal tap water systems. Table 
11 shows the colorimetric measurements (L*, a*, b*) for the two water systems 
throughout the study. The only color value that was significant different was the b* value 
(yellowness). The findings indicate that the aquaponic water has a stronger yellow value 
of 15.6 compared to the municipal tap water system of 2.08 (P-value=0.0031). From a 
consumers point of view, this difference was be easily detected. Visually, the aquaponic 
water consistently appeared a greenish tint versus the appearance of water normally seen 
from a faucet of pipeline for the municipal tap water system.  
Since the b* indicates yellowness, the wavelengths of both chlorophyll a and b 
were determined on the water samples and compared. There was a significant difference 
in absorbance at wavelength 430 nm (WL1) between the aquaponic and tap water. This is 
the peak absorbance of chlorophyll a, and a value of was observed for the aquaponic 
water verses 28.6 which was observed for the municipal tap water (P-value<0.001). 
Absorbance at 660 to 670 nm was the same for both treatments and this is the second 
peak absorbance commonly observed for chlorophyll a. Both of the systems wavelength 
values correlate with the significant difference in the b* value.  
CONCLUSIONS 
The results from the study demonstrate the difference of the chemical water 
quality from the two systems and these differences are related to the productions of the 
sprouts.  The aquaponic and tap water system were found to be different in most of the 
water chemistry parameters observed (Nitrogen, Phosphorous, pH, oxidation reduction 
potential, total solids, total suspended solids, absorbance, and dissolved oxygen).  
 
 
132 
 
 
 Color analyses of the two water systems were significantly different in regards to 
the b* value and wavelengths that correlate with the absorbance of chlorophyll a at 430 
to 650. The aquaponic water was visually different in color compared to the municipal 
tap water source.   
 The analyses conducted indicate the difference in nutrients the aquaponic water 
was providing for sprout production versus the municipal tap water. The practice of this 
recirculating soil-less agriculture system may indicate a more efficient practice to sustain 
this variety of crop.  
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Table 10: Evaluation of Water Sources1 in Commercial (Greenhouse) Production System 
Production 
System2 
Chemical 
Oxygen 
Demand 
Nitrogen Phosphorous pH 
Oxidation 
Reduction 
Potential 
Total Solids 
Total 
Suspended 
Solids 
Absorbance 
Electrical 
Conductivity 
(EC) 
Dissolved 
Oxygen 
(DO) 
A NA3 0.47 + 0.09 4.43 + 0.31 6.53+ 0.11 336.6+ 9.59 1088+160.0 68.5+ 6.63 0.195+ 0.02 990.3+ 11.7 5.87+ 0.06 
T 12.6 + 6.10 0.08 + 0.02 0.28 + 0.03 7.04+ 0.05 418.1+ 22.1 54.4+ 4.44 2.00+ 1.00 0.003+ 0.001 983.8+ 21.6 7.64+ 0.08 
Probability Value (P) NA 0.0006 <0.0001 0.0004 0.0033 <0.0001 0.0015 <0.0001 0.8631 <0.001 
1Means + standard error of means. 
2 “A” refers to Aquaponic production system, while “T” refers to a traditional soil-less system with municipal tap water. 
3 ‘NA’ refers to ‘not applicable’ and is used when growth parameters could not be determined.  
 
 
 
Table 11: Evaluation of Water Sources1 for Controlled Environment Production System 
Production 
System2 
Chemical 
Oxygen 
Demand 
Nitrogen Phosphorous pH 
Oxidation 
Reduction 
Potential 
Total Solids 
Total 
Suspended 
Solids 
Absorbance 
Electrical 
Conductivity 
(EC) 
Dissolved 
Oxygen 
(DO) 
A 150.0+ 0.00 1.93 + 0.27 4.36 + 0.41 5.69+ 0.27 366.2+ 17.4 2830+1875.6 71.5+ 2.79 0.259+ 0.034 907.2+ 24.3 5.88+ 0.05 
T 53.3 + 30.7 0.01 + 0.00 0.26 + 0.05 7.35+ 0.67 359.9+ 10.9 51.4+ 11.0 NA 0.05+ 0.02 900.6+19.3 7.56+ 0.18 
Probability Value (P) 0.1358 0.0010 <0.0001 0.0327 0.7623 0.2386 NA <0.0001 NS <0.001 
1Means + standard error of means. 
2 “A” refers to Aquaponic production system, while “T” refers to a traditional soil-less system with municipal tap water. 
3 ‘NA’ refers to ‘not applicable’ and is used when growth parameters could not be determined.  
 
 
137 
 
 
  
 
 
 
 
 
 
 
 
Table 12:  Colorimetric data of Aquaponic and Municipal Tap Water  
Production System Aquaponic  Municipal Tap Probability Value (P) 
L* 72.8 + 0.37 79.8 + 0.21 0.3366 
a* -2.83 + 0.15 -0.96 + 0.01 0.5319 
b* 15.6 + 0.50 2.08 + 0.04 0.0031 
WL1 53.3 + 0.28 28.6 + 0.78 <0.001 
WL2 53.5 + 0.28 29.0 + 0.81 <0.001 
WL3 53.8 + 0.29 29.7 + 0.81 <0.001 
WL4 54.7 + 0.28 33.5 + 0.78 <0.001 
WL5 54.9 + 0.28 34.5 + 0.79 <0.001 
WL6 55.1 + 0.28 34.5 + 0.79 <0.001 
WL7 55.8 + 0.28 46.2 + 0.58 <0.001 
WL8 45.8 + 0.58 55.8 + 0.29 <0.001 
WL9 44.3 + 0.65 55.7 + 0.30 <0.001 
WL10 51.2 + 1.93 48.8 + 2.22 0.4367 
WL11 50.6 + 2.14 47.9 + 2.48 0.4365 
WL12 50.1 + 2.31 47.4 + 2.68 0.4422 
1 Means + standard error of means 
2 N=10 
3 L* shows lightness where “0” is black and “100” is white; a* indicates green/red where negative 
values means green and positive values means red; b* indicates blue/yellow where negative values 
means blue and positive values mean yellow. 
4 Treatment codes are:  WL1 refers to wavelength 430; WL2 refers to wavelength 435; WL3 refers 
to wavelength 440; WL4 refers to wavelength 460; WL5 refers to wavelength 465; WL6 refers to 
wavelength 470; WL7 refers to wavelength 640; WL8 refers to wavelength 645; WL9 refers to 
wavelength 650; WL10 refers to wavelength 660; WL11 refers to wavelength 665; WL12 refers to 
wavelength 670.  
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CHAPTER SIX 
CONCLUSIONS  
With an increasing population and a finite supply of water, the conservation of 
water is highly critical to ensure adequate water in the future for consumption and 
agricultural practices (The Water Project, 2016). A sustainable agriculture system could 
be one of the solutions to conserving and efficiently using water throughout production of 
crops. An emphasis on health and nutrition has caused for an increased consumption of 
fruits and vegetables and a boost in the local food movement, with demand exceeding 
production (USDA, 2016). Aquaponic systems are a potential solution to both of these 
concerns as it results in water conservation and a sustainable supply of locally-produced 
vegetables on a community basis (Bernstein, 2011 and Goddek, 2015).  
 The Produce Safety Rule of the Food Safety Modernization Act has specifically 
targeted agriculture water used for the production of fresh produce and sprouts to 
improve food safety associated with consumption of these commodities. The Produce 
Safety Rule emphasizes water quality for the prevention of sprout contamination and 
requires farmers to establish routine sampling to monitor bacterial growth (FDA, 2016). 
The Produce Safety Rule also sets requirements in order to prevent sprout contamination 
by strictly looking at the microbial testing of seed through final processing (FDA, 2016).  
However, there is a great need for additional scientific data on sprout growth throughout 
production based solely on irrigation water.  
This research study evaluated the production of alfalfa and mung bean sprouts 
grown using municipal tap water or aquaponics water in both a greenhouse setting and a 
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laboratory environment setting. The growth production parameters included daily 
measurement of the seed length and width, root length and width, stem length and width, 
leaf length and width, whole length, and number of branched roots.  
The present study showed that in the controlled environment  (Chapter 4), there 
was no difference between the harvest whole lengths of alfalfa sprouts. However, the 
stems on the alfalfa sprouts in the controlled laboratory environment were longer than the 
alfalfa sprout stems grown in the greenhouse environment. The controlled environment 
alfalfa sprouts results reflected what is already observed in the market, while the alfalfa 
sprouts in the greenhouse system (both aquaponics and municipal tap) were shorter in 
whole length with wider leaves. Data showed that the aquaponically grown mung bean 
sprouts whole length was longer in the greenhouse (Chapter 3) compared to the 
aquaponically grown mung bean sprout grown in the controlled environment (Chapter 4). 
Because sprouts mature in a short duration period (7 day) as reported in the previous 
chapters, this was not sufficient time for differences to appear as other scientist have 
found that crops may take a longer time to mature.  
The size of the alfalfa stem and leaves made it difficult to acquire colorimetric 
values; however, the leaf size in the greenhouse grown alfalfa sprouts allowed for 
some measurements to be obtained. The leaves on the aquaponically grown alfalfa 
sprout had a stronger L* value indicating that the alfalfa sprouts grown in the aquaponic 
water had a darker color leaf compared to the municipal tap water alfalfa sprout. The 
wavelength for chlorophyll was also observed (chlorophyll a peak of 430 nm and 664 
nm; chlorophyll b peak of 460 nm and 647 nm) (Moore et al., 1995). There was a 
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difference between the two systems starting with a peak of 640 nm (P-value=0.0334) and 
continued to the wavelength of 670 nm. The aquaponically grown sprouts had a stronger 
absorbance value with this range of wavelengths. The aquaponically grown sprouts 
acquired a purplish/pink tint on the sides of the stem indicating that the sprout had 
phosphorous present. The color of the stem in the greenhouse condition was not observed 
in the controlled environment aquaponic alfalfa sprouts.  
The mung bean sprouts also had a reddish tint on the stem. There is very little 
research published as to why the stems appeared this color; however, it only occurred in 
the aquaponic system. Similar to the greenhouse aquaponic alfalfa sprouts, the 
aquaponically grown mung bean sprouts had a stronger L* value indicating a darker tone 
leaf. The wavelength of chlorophyll was observed and there was no difference between 
the wavelengths of the two systems. For the controlled environment, the bean portion of 
the mung bean sprout had a strong a* value in the aquaponically grown mung bean sprout 
than the municipal tap. Again the wavelengths of chlorophyll were observed and there 
was no difference between the controlled environment water systems for mung bean 
sprouts.  
Weekly monitoring of the aquaponic system was conducted throughout the 
experiment. There was a difference between the municipal tap water and aquaponic 
system in water chemistry and color analysis. For the controlled environment, statistical 
analysis compared the two systems for chemical oxygen demand and found to be not 
different; however, it should be noted that during this study, there was only one 
replication where the aquaponic showed this high value of 150 mg/L. This most likely 
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indicates the time frame of harvest in the aquaponic system leaving a temporary 
imbalance. There was also no difference in total solids and oxidation-reduction potential 
in the controlled environment setting; however, there was a difference in these 
parameters for the greenhouse setting.  
The economics of an aquaponic system solely depend on the size and the amount 
of crops to be produced. The aquaponic system used in this study is estimated to cost 
approximately $2500 for startup. However, a larger startup located in the Virgin Islands 
had a total investment of $1,030,536 with annual net return of $278,038 (solely based off 
of production) (Engle, 2015). Smaller scale aquaponic systems on the Virgin Islands 
invested $285,134 with an annual net return of $30,761. The size of aquaponic system 
used for this study consisted of 3 fish tanks, two holding approximately 200 Nile Tilapia 
and one tank holding 15. Fish are typically sold $3 to $5 per pound (marketed at 1 ½ to 1 
¾ pounds at 6 months of age) and harvested twice a year. Fish feed costs $0.23 to $0.25 
per pound and with this particular aquaponic system, the fish tanks are fed 3 times a day 
through an automatic feeder system, but can be fed up to 6 times a day (The Fish Site, 
2014). The fish also consume algae, which reduces the amount of feed for consumption 
and keeps the algae levels low. Some studies show that production cost of fish can be 
anywhere from $1.46/pound to $4.99/pound and receiving a market price of $1.46/pound 
to $5.00/pound (Engle, 2015).  
The one growing bed of the system held approximately 947 liters of the filtered 
water where a diverse amount of plants can be grown. For this study, the cost of alfalfa 
seed was $9.35/pound that lasted throughout the study, while the mung bean seed was 
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$11.50/pound where an additional two pounds were purchased. Research on crops in 
aquaponic systems usually consist of lettuce and basil where production cost can range 
from $0.075/lb (basil) to $12.40/case (lettuce), while the market prick can range up to 
$20/case.  
Although this study resulted in significant findings related to future applications 
in aquaponic systems in agriculture settings, several limitations were present in the 
experimentation process. These limitations included lack of space for soil based and soil-
less production systems and consistency of water quality measurements due to lack of 
access of the greenhouse. In order to more effectively determine production and 
economical differences between aquaponic and hydroponic systems, further research 
should be conducted utilizing more efficiently designed experiments involving soil and 
soil-less based systems in larger, more controlled environments. Additionally, a variety of 
crops should be studied over a longer period time to understand the capability of these 
systems through different temperature fluctuations (seasons). Overall, an aquaponic 
system was found to be sufficient to produce both alfalfa and mung bean sprouts; and 
while this system resulted in improved production characteristics over traditional 
municipal water systems, it did not produce higher yield normally seen with other 
aquaponically produced crops.  
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